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In traditional tropical dwellings, the attached semi-open spaces, being protected from 
rain and sun, were used comfortably for many social activities. Bay’s studies (2000, 
2004) show that in Bedok Court condominium, similar entrance verandas encourage 
high level of social activities and sense of community due to its comfortable 
environment. It is therefore important and necessary to provide thermal comfort in 
contemporary high-rise semi-open spaces. However there has no corresponding 
assessing method for predicting thermal comfort in this kind of space.  
Using two cases in Singapore (Bedok Court condominium block 295 and Jurong 
west block 510), this dissertation attempts to find out to what extent the latest 
predicting model developed for tropical natural ventilated interiors can be applied to 
semi-open spaces. Residents in both cases were interviewed during two seasons (June 
and December) to obtain the actual thermal responses to the immediate environment. 
Based on the same set of environmental data, predictions were made by the latest 
indoor model. A comparison between the actual thermal votes and the predictions was 
conducted to see the similarities and differences in between. In addition, through 
another thermal comfort survey in Bedok case block 295, this research examines the 
influence of solar radiation and air movement in determining thermal sensation in 
x 
tropical high-rise residential semi-open spaces. Finally it comes out with some 
suggestions for future tropical residential semi-open space design. 
Technically, this research demonstrates that the latest interior model can only be 
applied to the semi-open spaces when DBT ranges from 27 to 31 ˚C during the hot 
season in Singapore. During wet season, when the main problem of discomfort in the 
verandas is cold, the PMV model does not work at all at any temperature ranges. 
Furthermore, this study reconfirms that solar radiation is influential in semi-outdoor 
climate, and the intensity of solar radiation in semi-open spaces should not exceed 
700 W/m2 for achieving thermal comfort. In addition, this study finds that 1~2 m/s is 
the most desirable wind speed range for the people in their semi-open forecourts. 
With regards to the climatic conditions of Singapore, this research suggests that 
providing enough shading device in dwellings is necessary to reduce heat stress. On 
the other hand, promoting natural or artificial ventilation in semi-open spaces is 
effective to achieve thermal comfort. But the maximum wind speed should not exceed 
2m/s, for avoiding discomfort and unnecessary energy consumption. 
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CHAPTER 1. INTRODUCTION 
Introducing research objectives, framework, background and problem statement, along with 
the brief methodology and proposed outcome 
 
 
1.1 Research Objectives: 
This dissertation attempts to investigate the following: 
1) Compare the actual thermal votes in the semi-open space of a case in Singapore to 
the PMV 1  predicted by a latest indoor model to see the similarities and 
differences between. 
2) Examine the influence of solar radiation and air movement on thermal sensation 
in tropical high-rise residential semi-open spaces, and find out their interactions 
and the optimal range for residents. 
3) Develop suggestions for future tropical residential semi-open space design. 
 
                                            
1 PMV is Predicted Mean Vote, established by P.O. Fanger (1972). In his classic book: Thermal 
comfort: analysis and applications in environmental engineering. New York: McGraw-Hill. 
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1.2 Research Framework 
In order to achieve sustainability, the bioclimatic approach, which focuses largely on 
the performance of the physical environment, is dominant for designers since Victor 
Oglyay (1963) proposed it in the 1960’s. However, Bay (2000, 2002) emphasized the 
importance of social cultural aspects by summarizing Jane Jacobs (1962) opinion: “in 
her criticism of the death of the American city, reminds us of the imperative to 
consider the social-cultural aspects of people in order to have quality living, and in a 
sense sustain human values and civilization, for we are not merely part of the 
physical-biological food chain.” He proposed instead a Socio-climatic approach, 
which furthered the bioclimatic approach, sustaining social and environmental 
dimensions. In Bay (2004), he showed the correlations of social benefits and climatic 
benefits of semi-open entrance verandas. He argued that the environmental benefits of 
semi-open verandas could help to maintain high levels of human activities. The high 
levels of activities in turn could create a high degree of familiarity and sense of 
community, thus enhancing the quality of living. He continued to state that the sense 
of community can drive people to have a strong desire for maintaining veranda spaces 
and building more in the future, and this will lead to more environmental benefits in 
the verandas.  
This cycle brings together the two major concerns, social-cultural and 
climatic-ecological issues. This dissertation builds up the following framework based 








1.3 Background and Problem statements 
1.3.1 Aspects of semi-open spaces in tropical regions 
Sustainable social and physical environment in the traditional semi-open spaces 
In a hot and humid tropical environment2, the outdoor climatic conditions in shaded 
areas are always more pleasant than indoors due to larger openings and better 
ventilation. Therefore in traditional low-rise dwellings, residents were more likely to 
accommodate household activities outside their homes, that is, in their semi-open 
verandas or decks. As time passes, not only does the climatic purpose of the 
semi-open space evolve, but also a wider variety of options for social aspects have 
been endowed with this kind of space. It has become a multi-functional space used for 
circulation, eating, sleeping, relaxing, entertaining as well as being a sheltering and 
shading space. Meanwhile, the visual connection would definitely promote 
communication between neighbours, making them more familiar with one another, 
finally creating an intimate sense of community in the whole kampong (a traditional 
village in Malaysia). In this respect, the semi-open spaces which are protected from 
rain and sun can be very appreciable and useful and become a typical valuable 
component in traditional low-rise dwellings.  
                                            
2 Koenigsberger (1973) mentioned: “Tropical climates are those where heat is the dominant problem, 
where, for the greater part of the year buildings serve to keep the occupants cool, rather than warm, 
where the annual mean temperature is not less than 20˚C.” For instance, in Singapore, the air 
temperature can reach a mean maximum during the day in dry season of between 27 and 32 ˚C; the 
humidity can be as high as 90% or almost 100% in wet seasons. 
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Lack of semi-open spaces in modern high-rise housings 
In modern eras, with rapid development and population booms, especially in tropical 
areas, the intensity of building constructions and the number of air-conditioned 
dwellings have increased dramatically. Such spacious verandas had become less 
common. The introduction of glazed windows, the rise in building costs, and changes 
in building materials all contributed to their decline. Residents began to shelve 
themselves in their high-rise apartments; the semi-open outdoor space seems no 
longer to be a part of people’s daily lives. The beneficial social and physical aspects 
of the semi-open spaces seem to disappear from the contemporary living spaces. Lim 
(1981)3, after comparing the traditional Malay house to modern housing estate, even 
stated:  
 
“…the traditional Malay house is far more adequate and advanced in many areas… We have a 
whole heritage of traditional technologies to be rediscovered, technologies which are basic and 
within the reach of more people.”  
 
Although his argument seems to be a little bit opinionated, it reflects a popular 
phenomenon in contemporary housings, which overlooked the virtues of traditional 
dwellings in order to fulfil the demand of housing large populations. Can we still 
                                            
3 Please refer to: Lim and Project on Sharing of Traditional Technology. 1981. A comparison of the 
traditional Malay house and the modern housing-estate house. Tokyo: United Nations University. P.27. 
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apply the social and physical patterns of traditional semi-open spaces to today’s new 
residential buildings?  
Observing contemporary housing in Singapore, one can see that there are very 
few semi-open spaces in high-rise dwellings. Most residents would take a lift, walk 
directly into the interior, without any semi-open spaces fronting the apartments. 
 
Importance of maintaining comfortable environment in semi-open space 
It is true that we have lots of heritage in traditional dwellings, of which spatial 
principles should be recognized and reapplied to our modern high-rise housing estates, 
and the rejuvenation of the semi-open space is one of the most important issues. In 
Singapore there is a brilliant housing estate – Bedok Court condominium, in which 
the semi-open forecourt of each unit works well in the high-rise buildings. The study 
of Bay (2000, 2002) has shown that these entrance spaces create a comfortable 
physical environment and wonderful social atmosphere amongst the residents, which 
is similar to those traditional verandas or decks, thus allowing various social activities 
to take place between neighbours. This case shows that the feature of traditional 
semi-open space can be brilliantly applied to contemporary high-rise ones, while 
maintaining such kind of intimate community sense. A comfortable environment in 
contemporary tropical residential semi-open spaces could definitely enhance the 
quality of life and sustainability.  
In order to achieve this purpose, high-level of activities among the 
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neighbourhoods and a reasonable physical environment in semi-open spaces are 
required, and actually the latter could benefit the former to a great extent, since the 
amount and intensity of such activities is affected by the level of the discomfort 
experienced by the inhabitants when they are exposed to the climatic conditions in 
these outdoor spaces. Hence it is important and effective to maintain comfortable 
environment in semi-open spaces. 
 
1.3.2 Thermal comfort research in semi-open spaces 
Normally comfort includes lighting, thermal and acoustic aspects. This dissertation 
will focus mainly on the thermal comfort aspect. Thomas (1999) indicated how 
complicated comfort is by stating “comfort is a subjective matter and will vary with 
individuals. It involves a large number of variables… individuals are also affected by 
such psychological factors as having a pleasant view, having some control of their 
environment and having interesting work”4. For this reason, in order to maintain a 
comfortable thermal environment in the semi-open space, we must have a proper 
understanding of the kind of conditions that make people feel comfortable. Therefore 
an accurate assessment of thermal comfort in semi-open space is necessary.  
 
Existing thermal comfort models 
                                            
4 Please refer to: Thomas, R. (1999). Environmental design: an introduction for architects and 
engineers (2nd ed.). New York: E & FN Spon. P.8. 
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There are a lot of researchers and professors engaged in thermal comfort predicting 
models before, and many thermal comfort standards had been build up, 
Koenigsberger (1973) summarized them and some of the widely applied standards are 
listed as followings: 
 
Effective Temperature (ET)                 Houghton and Yaglou. 1923 
Corrected Effective Temperature (CET)         Vernon and Warner. 1932 
Equivalent Warmth (EW)                              Bedford.1936 
Equatorial Comfort Index (ECI)                       C.G.Webb 1960 
Resultant Temperature (RT)                          Missenard. 1944 
The Bioclimatic Chart                             Victor olgyay1962 
Thermal Comfort                                  P.O. Fanger 1970 
Wet-Bulb Globe Temperature        Dukes-Dobos and Henshel, 1971,1973 
 
Lack of predicting model for non-air-conditioned semi-open spaces 
Unfortunately, most of them were developed to serve as a guideline for indoor or 
mechanically controlled air-conditioned spaces without referring to the semi-open 
space. That is to say, there is no systematic predicting model for assessing thermal 
comfort conditions in semi-open spaces. In the absence of empirical thermal comfort 
studies and models directly relevant to outdoor situations, there has been an 
assumption that the conventional theory of thermal comfort developed for indoor 
applications can be generalized to outdoor setting without modification. This 





Recent thermal comfort researches 
Recently, some researches on thermal comfort in non-air-conditioned spaces (such as 
naturally ventilated interiors and outdoor spaces) have been conducted. Givoni and 
Noguchi (2000) conducted an experimental study in Yokohama city in Japan, from 
1994 to 1995. The experiments were conducted under controlled solar insulation and 
wind speed in order to understand how these physical factors influence the thermal 
sensation and the comfort level of Japanese staying in outdoor spaces. 
Fanger and Toftum in 2000 also presented a paper to admit that for 
non-air-conditioned buildings in warm climates, the PMV model predicts a warmer 
thermal sensation than what the occupants actually feel, and they provided an 
expectancy factor to adjust the PMV value;  
In 2003, Jennifer Spagnolo and Richard De Dear have conducted a field study 
concentrating on the thermal sensation in semi-outdoor climate in subtropical region 
(Sydney, Australia) both in summer and winter season. It discussed mainly the 
preferred temperature, air movement and preference for sun and shade in each season, 
compared the outdoor results with indoor standard and even investigated gender, 
personal and psychological factors in thermal perception.  
All the above researchers have admitted that former thermal standards which are 
tailored for air-conditioned interior spaces cannot be directly applied to 
non-air-conditioned outdoor or semi-outdoor space. However, whether a thermal 
model designed for non-air-conditioned interior can be applied in outdoor climate is 
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seldom tested.  
Henry and Wong (2003) established a latest systematic predicting tool especially 
for tropical high-rise non-air-conditioned interior space. It will be interesting and 
necessary to empirically test whether this model can be applied directly to semi-open 
space and to see the similarities and differences between the actual votes and 
predicted mean votes (PMV).  
 
1.3.3 Solar and wind effects on thermal sensation in semi-open spaces 
If there are differences between the actual thermal votes in semi-open space and PMV, 
what are the contributing factors and to what extent can they influence the result? It 
might be due to a variety of reasons, either psychological or physical. Air movement 
and solar radiation, the two most significant physical factors that differentiate indoor 
and semi-outdoor climate, will be discussed in detail.  
A semi-open space often catches more wind and more solar radiation than an 
interior space. Therefore, even under the same air temperature and humidity, what 
people feel in a semi-open space might be totally different from what they feel inside 
the room. As we all know, wind has significant impacts on thermal perception, how 
about the effects of solar radiation? Will they interact with each other? In addition, in 
a hot and humid tropical context, is it true that more wind means more comfort? Will 
the wind cause the discomfort of coldness? To address these problems, it is essential 
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to examine to what extent these two factors could influence people’s thermal response 
and which factor is more significant. By exploring this, we can have a more accurate 
understanding of semi-outdoor thermal comfort, thereby making suggestions to the 
future design of semi-open space for sustaining the environment and community in 
contemporary housings. 
 
1.4 Research Procedure 
The scope of work includes the study of tropical residential semi-open spaces and 
people’s thermal sensations in them, comparing the actual responses to the predicted 
values by the latest PMV model, considering also the effect of wind and solar 
radiation on semi-outdoor thermal perceptions. Finally some suggestions will be 
made for the proper understanding of thermal comfort in semi-open space, for the 




Chapter 1 introduces the research framework, objectives, brief background, and 





Review of tropical residential semi-open spaces 
The author will continue with a comprehensive review of tropical residential 
semi-open space. There were many types of semi-open spaces in both traditional and 
modern housings, and they will be categorized into different groups with regards to 
their architectural form. Their multiple functions will be introduced so that we could 
have a more holistic perspective of the physical and social patterns of each type. A 
preliminary case study of the exemplary semi-open veranda in Bedok Court 
condominium will also be presented, to illustrate how semi-open space could benefit 
our lives, highlighting the need and importance of maintaining a comfortable 
environment in those verandas. The above will be discussed in detail in Chapter 2.  
 
Review of thermal comfort research 
The author will move on to discuss several widely-used former thermal comfort 
standards, highlighting the inadequacies of existing thermal predicting systems. As 
described in former text, from 1920’s on, a series of thermal comfort standards were 
developed to predict human responses to the surrounding thermal environment. 
Several of them, such as ET (Effective Temperature), ECI (Equatorial Comfort Index), 
Bioclimatic Chart by Olgyay, Fanger’s thermal equation and so on, were most 
outstanding and widely used for a period of time in history. They will be introduced 
and evaluated in detail in Chapter 3; meanwhile the inadequacies of the existing 
knowledge system of thermal comfort standard will be revealed. 
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In addition, in Chapter 3 some recent research relating to thermal comfort in 
non-air-conditioned spaces, including a latest predicting model established by Henry 
and Wong, which is developed particularly for naturally ventilated interior in the 
hot-humid context will also be discussed, as well as summarizing their contributions 
and limitations.  
 
Research methodology 
The research methodology will be introduced in detail in Chapter 4. Case study 
approach was used since it can be carried out anywhere as long as the right survey or 
physical instruments are available, and the results of the method can be directly 
applied to similar thermal environments, but strictly only applicable to the normal 
conditions encountered by the respondents during the period of study. Two cases 
(Jurong West public housing block 510 and Bedok Court condominium block 295) in 
Singapore were used to compare actual votes with PMV predicted by the latest 
interior model. Furthermore, another case study in the Bedok block 295 was used to 
examine solar and wind effects on thermal comfort in the tropical high-rise semi-open 
spaces. 
 
Case study to compare actual votes in semi-open space and PMV 
In Chapter 5 comparison will be made between the actual votes and the PMV in the 
semi-open spaces of the two cases, in both dry and wet seasons. The actual votes on 
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thermal comfort were obtained from the thermal comfort survey. The PMV values 
were obtained from the predictions by the latest interior model. Through the 
comparison, the similarities and differences between the PMV and actual votes were 
investigated. Then we could see how far the indoor model can be applied to 
semi-outdoor settings. See details in Chapter 5. 
 
Case study to examine the effects of wind and solar radiation on thermal comfort 
We will follow by another round of survey in Bedok case to examine the effects of 
wind and solar radiation on thermal comfort, in Chapter 6. The surveyors will record 
the human thermal sensation under the same air temperature and humidity, but 
different intensity of solar radiation and air movement. By this means we can 
eliminate the effects of air temperature, humidity on thermal perception, so as to 
establish to what extent could the cooling effect of wind and heating effect of solar 
radiation affect human thermal sensation. After studying the wind and solar effect, we 




Finally, Chapter 7 summarizes the main point of this research, advantages and 
disadvantages of the methods used, contributions, applications of findings and 
extensions of further research. 
1. Introduction 
15 
1.5 Outcomes of study 
The anticipated outcomes and contributions of this study are: 
 
1) A more comprehensive understanding of the tropical residential semi-open space 
and their socio-climatic patterns. 
2) An exploration of the inadequacy of international thermal comfort predicting 
systems, and evaluation of recent researches in this area. 
3) A comprehensive investigation of thermal sensation in semi-open space 
particularly in tropical high-rise dwellings (Singapore). 
4) A comparison between the predictions of an indoor thermal model and actual 
response in semi-open space.  
5) An understanding of the effects of wind and solar radiation on thermal comfort in 
tropical high-rise semi-open spaces. 
6) A series of suggestions to the indoor thermal model for adjusting them to be 









CHAPTER 2. TROPICAL RESIDENTIAL 
SEMI-OPEN SPACES 




In the introduction the author pointed out that since the outdoor climatic condition in 
hot and humid tropical areas is always more pleasant than indoors, residents were 
more likely to accommodate households outside their homes. In this Chapter, we will 
mainly discuss how the residential semi-open spaces which are protected from rain 
and sun can be very appreciable and useful. 
 
2.1 Some general aspects of semi-open space 
2.1.1 Definition of semi-open space 
Hyde (1999) described that “the widest meaning that can be ascribed to a residential 
semi-open space is probably the volume of space, which is not totally enclosed, 
immediately attached to the dwelling structure. It can be partly enclosed by short 
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fence or wall, with partial shielding from rain and sun.” People begin to build and use 
semi-open spaces long ago. The history of semi-open space can be even traced back 
to the period as early as the Egyptian times.  
 
2.1.2 Uses of semi-open space 
The main causes of climatic stress in tropical areas are high temperatures, solar 
radiation, humidity and glare. Therefore the original purpose of semi-open areas in 
dwellings is to act as a buffer space and reduce the effects of these problems, which is 
more related to the climate. For example, the semi-open anjung of traditional Malay 
houses serves to provide shade and allow for ventilation, so that the house would be 
neither hot nor damp (Abdul Halim, 1996).  
As time passes, not only did the climatic purpose of the semi-open space evolve, 
but also a wider variety of options for social aspects have been endowed with this 
kind of space. It has become a multi-functional space used for circulation, eating, 
sleeping, relaxing, entertaining as well as being a sheltering and shading space.  
 
In tropical dwellings, there are several types of residential semi-open spaces. The 
following will discuss 3 traditional and 3 contemporary semi-open spaces. 
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2.2 Traditional architectural forms of semi-open space  
In tropical traditional low-rise housings, the semi-open space has many names such as 
veranda, porch, anjung, serambi gantung and so on. In this dissertation, according to 




A typical feature for traditional house around the tropical region is the attached 
semi-open space called veranda (Figure 2-1). Historically it is defined as an open 
roofed platform along the side of a house, or a latticed room opening of an internal 
courtyard. Usually they are connected to the ground by stairs and form part of 
circulation. 
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Lee et al. (1988) stated the importance of verandas by saying that: 
 
The veranda was an important feature of the 19th century colonial house and served as a cool 
and comfortable sitting area or, occasionally, as a more formal drawing room. (Davidson 1846)5, 
a visitor, commented of Singapore that “the houses generally … are large and roomy, with 
verandahs in front and rear, enclosed with Venetian blinds. These are kept shut from ten a.m. till 
four p.m., which darken the house …” Writing about the veranda in India in Stones of Empire 
(Oxford: 1983) Jan Morris observed: “It was the one place the Imperialists had for just messing 
around on. Everything was easy going about the verandah. Its furniture was meant for 
lounging …” 
 
It shows that human beings appreciate tropical residential semi-open verandas 
very much from early to recent time. The veranda’s main function appears to be that it 
should afford an area away from rain and direct sunlight, catch the breeze as well as 
provide an orientation to the exterior landscape and to views from the building. These 
distinctive climatic and experiential features characterize many of these types of 
veranda structure.  
In tropical climates one of the main climatic negative aspects is excessive solar 
radiation. High levels of solar radiation, ambient radiation and glare contribute to 
                                            
5 G. F. Davidson’s words were cited by (Lee et al. 1988) as the illustration of how traditional tropical 
residential open space builds up persons’ daily lives. P.50. 
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levels of discomfort when looking from the building to the exterior. The purpose of 
the veranda was to act as a buffer space and reduce the effects of this climatic 
problem (Figure 2-2), thus creating a comfortable environment for the residents.  
In traditional Malay houses, sometimes the living room is more like a semi-open 
veranda rather than an interior space, since residents would like to open, or even, take 
out all the windows to facilitate good ventilation. It can be used during the day for 
sitting, resting, praying, entertaining friends, sewing, sleeping or even having dinner 
in it by simply placing a table and several chairs (Figure 2-3). 
 




Figure 2-3: Various social activities in the verandas (Source: Lee, 1988) 
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2.2.2 Deck 
Decks are larger raised platforms with or without the roof of the veranda, primarily 
serving for circulation (Figure 2-4). A self-evident feature of the deck is that it 
maximizes the access of breeze that promotes cooling to the people using it. The deck 
is not useable during the heat of the day due to high solar radiation and glare, but the 
large dimension and cool environment of the shaded area of decks can provide a 
higher opportunity for residents to expand their living space and increase their homes’ 
value, and enhance their living style as well, gaining a space for entertaining and 
socializing. A well-planned deck can harmonize with the house in both size and shape 
and provide a smooth transition down to the nature. It can offer more exposure or 
more privacy, and take advantage of a cool breeze. 
 
Figure 2-4: The deck in Malaysia: the use of large decks provides an external vantage  
(Source: Hyde, 1999) 
 
 
In traditional tropical life, decks can serve a variety of functions: entertaining and 
barbecuing, lounging and sunning, balancing privacy and openness, enjoying the view, 
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children’s playing, gardening and so forth. To allow the open deck to function during 
the day it must be orientated to minimize solar access and should be integrated with 
landscaping elements or shading devices. 
 
2.2.3 Courtyard 
The courtyard is a remarkable form of residential semi-open space because it offered 
both privacy and access to nature. They are often surrounded by walls or rooms 
having large unglazed windows facing the courtyard (Figure 2-5). They are outside 
yet almost inside, completely opened to the clear sky or partially shaded with 
overhangs and arcades, usually in contact with the earth. In hot-humid regions, the 
courtyards are always large and provide good ventilation, especially when opening on 
to another courtyard or street such that cross ventilation is promoted.  
 
Figure 2-5: Indian Courtyard House (Sketch after: Randhawa 1999) 
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The courtyard is closely related to its surrounding rooms, serving them as both a 
conduit and filter of daylight, night darkness, wind, rain, and sound. Randhawa (1999) 
described the Indian courtyard house as:  
 
“The courtyard ordered other spaces by context in an abode where space was not rigidly fixed but 
could be adaptable depending on the time of day, season and exigency. It obliquely controlled the 
environment inside and served the needs of its inhabitants. Its moods changed with varying 
degrees of light and shade, and with them the ambience of the abode. Centrally located, it 
imprinted the domain of the dwelling like a visual anchor. Around this courtyard space the rest of 
the structure seamlessly coalesced by the play of peristyles and gallery spaces. It was the spatial, 
social and environment control center of the home.” 
“This form of architecture met with the requirements of the traditional joint family system as well 
as the climate. The courtyard functioned as a convective thermostat and gave protection from 
extremes of weather.”6 
 
Reynolds (2002) also introduced the functions of the courtyard. Initially it was 
meant for women’s domestic work. Usually it was divided into spaces with separate 
functions, a certain portion for general household work such as laundry, a small 
garden for vegetables and flowers and so on, depending on the owner’s personal 
interests. The most common usages of courtyards are as extensions of living, dining, 
                                            
6 Cited from: Randhama, 1999. The Indian courtyard house. New Delhi: Prakash Books. P.31. 
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and kitchen activities. Often the rooms are too small and dark for several people to 
work comfortably, especially when compared to the open space of the courtyard. 
Sometimes children will also use the courtyard as their playground, because it offers 
enough contact with nature to be entertaining, yet rarely so much as to be threatening. 
From the above description it is clear that the courtyard was treated as an 
extending space of tropical life since it was comfortable and spatial, providing people 
with daily contact with nature. From the climatic design standpoint, the size and 
degree of enclosure have a significant impact on its performance. For instance, in a 
hot and humid tropical area, sometimes the environment of the courtyard might be 
extremely hot due to the sun shining on top and few shading devices in the courtyard; 
and if it is raining hard, the courtyard without rainproof devices could not be used for 
many activities either. Broadly speaking, the utilizing rate of the semi-open courtyard 
is greatly determined by the current environment. 
 
2.2.4 Summary of traditional residential semi-open space 
Above all, the semi-open spaces in traditional tropical dwellings have the following 
characteristics: 
1. From the physical point of view, they can provide more breezes and more 
opportunities for the residents to get in touch with nature. Due to the comfortable 
environment, residents are likely to extend their daily lives to the semi-open space 
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and treat it as an indispensable part of their homes. 
2. In terms of the social psychology, they can also provide an intimate atmosphere 
among the neighborhoods. People can see and get more familiar with one another 
when they use the semi-open space, so that the sense of community can be formed, 
the social relationships between residents could get better and better, allowing a 
variety of activities. Especially in tropical regions, the residents maintain a high 
level of social activities. 
 
2.3 Contemporary high-rise semi-open spaces 
Verandas, decks and courtyards are also found in contemporary low-rise dwellings 
serving similar functions. However, as time passes by, with the rapid development of 
economy as well as the overwhelming booming of population, the intensity of 
building constructions has increased dramatically, especially in tropical zones. 
High-rise dwellings become popular in current housing developments. This also takes 
a significant influence in semi-open spaces. Lee et al. (1988) wrote that:  
 
“From the 1880s onwards, such spacious verandahs became less common. The introduction of 
glazed windows, the increases in building costs, and changes in building materials all 
contributed to their decline … For stylistic rather than practical reasons they reappeared in the 
1920s and 1930s in the houses designed by architects who were influenced by the Arts and 




His statement showed that the semi-open spaces seemed to lose their original 
meanings and functions in high-rise housings, and began to act as a symbolic 
component of tropical architecture. Residents also began to shelve themselves in their 
high-rise apartments, losing the relationship with their attached semi-open spaces. 
However, in today’s high-rise residential apartments, semi-open spaces actually still 
play an important role in residents’ daily lives. The following will illustrate this by 
discussing three typical types of contemporary high-rise semi-open spaces: Balcony, 
Corridor and Veranda in the sky. 
 
2.3.1 Balcony 
Balconies are usually uncovered platforms that are located at high level and adjacent 
to a window or door. Often these structures form a platform and additional external 
space. This allows one to move out from the interior space to appraise the street, to 
enjoy the breeze and to provide small seating areas. The principal differences are 
height, size of the space and degree of enclosure. Balconies are always located at high 
level without circulation from the ground, and compared to veranda spaces, they tend 
to be smaller and less enclosed spaces (Figure 2-6).  
There are three main reasons for the use of this type of space. Firstly, there is a 
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shortage of space at high level; the apartment buildings are efficiently planned with 
little surplus space. That is why some residents even wall their balconies up to make it 
as part of interior space (Figure 2-7). Secondly, the balconies are used to increase the 
depth of the façade to buffer interior space. This is not only for privacy but also to 
reduce solar gain. Thirdly, the balcony provides an opportunity for landscaping. The 
plants are used to assist in the buffering process (Figure 2-6). 
 
Figure 2-6: Balconies in high-rise housings in Singapore (Source: Author) 
  
 
Figure 2-7: Walled-up balcony (Source: Author) 
 
 
The balcony, looks like the same type of outdoor space as the veranda since both 
of them are immediately attached to the apartment and serve similar physical 
2. Tropical residential semi-open spaces 
28 
functions. However, Bay (2002) has differentiated the balcony from the veranda, in 
terms of the usage and social interactions7. 
 
2.3.2 Corridor 
Comparing to the balcony, the corridor is a more public space. In tropical regions, it is 
a long, narrow passage beside a row of rooms in a building, initially serving as a 
space mainly for circulation, simultaneously forming a buffering space that keeps the 
rooms away from excessive solar radiation. In the popular high-rise public housings 
of Singapore (developed by Housing & Development Board), a linear corridor 
connects all the units in the same floor with a lift lobby and staircase, as well as holds 
access to each unit. The dimension of the corridor is not quite spatial, with a width 
from 1.5 to 2.0 m, and a barrier of 1-1.2 meters in height along one side (Figure 2-8). 
 
Figure 2-8: Corridors in high-rise housing in Singapore (Source: Author) 
 
                                            
7 For details of difference between balcony and veranda, please refer to the paper: Bay (2002). 
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Due to corridor’s public function, residents might not feel a sense of belonging 
and security in it, so most of the functions in traditional low-rise residential 
semi-open space could not be applied. Furthermore, the small dimensions of the 
corridor could also result in the limited choice of activities. However, certain 
activities could still happen, such as gardening, receiving guests and religious 
activities, sometimes if space dimension permits, residents even could have dinner in 
the corridors (Figure 2-9). 
 
Figure 2-9: Dining table and plants in the corridor (Source: Author) 
 
 
2.3.3 Veranda in the sky 
Comparing to the balcony and corridor, veranda in the sky is more open and spatial, 
holding more similar social patterns with the traditional semi-open space in low-rise 
dwellings. Bay (2002) stated that balconies were always walled up and used as 
interior areas by owners, while verandas in the sky were treated as a space for 
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traditional tropical living in the high-rise. There is a brilliant modern high-rise case 
named Bedok Court Condominium, in which the verandas in the sky afford similar 
opportunities for thermal comfort and social activities. From Figure 2-10 we can see 
evidence of human activities such as gardening, dinning and play in these semi-open 
spaces. 
 
Figure 2-10: Veranda in the sky (Source: Author and Bay, 2004) 
 
    
 
 
       
A survey relating to the residents’ perception to the semi-open verandas in the sky 
was conducted in 2000 in this housing estate; Bay (2000) presented the survey 
results8 as the followings to demonstrate the residents’ appreciation of the verandas:  
 
A high percentage (86%) of respondents was conscious of and chose the open verandas as the 
most desirable physical design space, compared to the interior, balconies, lift lobbies, car parks, 
playground and swimming pool; Most of the respondents (80%) could see their neighbours 
                                            
8 For the detailed statistics on the socio-climatic survey results, please refer to Bay (2000). 
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more frequently in their verandas; A majority of them (86%) indicated that they will use the 
verandas more than once a week; Majority indicated high usage of the space as an extended 
living area including receiving guests (52%), giving parties (56%), gardening (80%), children’s 
play (72%) and laundry (72%). 96% of respondents indicated that they felt a high sense of 
security, a strong sense of belonging and owner ship (90%); Almost all (90%) responded that it 
will be very different and that some of the appeal would be lost. 
 
Then Bay continued to discuss how the architect of Bedok Court Condominium 
emulated the verandas of traditional village houses for the high-rise design, in order 
to encourage social activities and community bonding. He also observed that the 
frequency of residents seeing each other in various activities and at different time of 
the day results in a greater sense of community and belonging, similar to that of the 
traditional village. Most important of all is that the residents appreciate this kind of 
sense and enjoy the high-rise semi-open space very much.  
 
2.3.4 Summary of contemporary residential semi-open spaces 
From the above examples of semi-open spaces we can see that: 
1. From physical point of view, there are similarities of functions between the 
contemporary and traditional types. The contemporary semi-open spaces are also 
well ventilated and partially shaded, serve as buffers for the interior of the 
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dwellings from the harsher external environment, and provide a cooler 
environment for many kinds of social activities.  
2. In terms of the social aspect, it seems that the contemporary high-rise semi-open 
spaces cannot promote the interrelations between the neighbours, due to their 
original functions and limited space configurations.  
 
However, in the context of rapid developing countries in tropical regions, high-rise 
dwellings are inevitable in the city cores, and in turn people become more and more 
lonely and long for communication. The semi-open spaces with a comfortable 
environment therefore become even more important for quality of living.  
 
2.4 Importance of tropical residential semi-open spaces 
From the above description, the importance of tropical residential semi-open spaces, 
either traditional or contemporary types, can be summarized in the following points: 
 
Achieving more room for house hold 
The semi-open space has original functions such as achieving more room for 
household; therefore, it served a similar function as a sleeping or resting room. 
Sometimes in tropical areas, this space is often used for entertaining guests and as an 
entrance porch.  
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Providing climatic demand for certain activities 
The semi-open spaces can provide the necessary climatic demand for some certain 
activities, such as gardening, drying clothes and so on. As we all know, plants need 
sunlight for photosynthesis, otherwise they will wither. The same goes for drying 
clothes; sufficient radiant heat of sunlight and good ventilation will dry wet clothes fast 
and easily. It is obvious that it is unsuitable to grow plants or hang clothes inside a 
room, the semi-open spaces such like veranda is the most appropriate space, which can 
provide sufficient light and ventilation. 
 
Providing comfortable environment 
The comfortable environmental conditions could encourage the residents to carry out 
activities in the semi-open spaces. People can read, study and play either inside or 
outside, yet in hot and humid tropical regions, they would prefer cool and comfortable 
places. Because semi-open spaces are partly enclosed, it can provide either shaded 
areas which reject direct sunlight and glare, or sufficient cross ventilation which can 
promote heat transferring of convection. No doubt, comparing to the stuffy interior 
space or hot outside, veranda or courtyard spaces are more preferable. 
 
Promoting social connections among the residents 
Semi-open spaces provide a higher opportunity for the residents to see, greet and visit 
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each other more frequently, thus making it possible for some group works among 
neighbors to happen.  It is quite common that many residents greet, chat and hold 
parties with their families or neighbors at the attached semi-open spaces. 
 
2.5 Analyzing the need of corresponding thermal indices for 
tropical semi-open space 
Since residents will choose comfortable environmental conditions to conduct their 
daily activities, and the amount and intensity of such activities is affected by the level 
of the discomfort experienced by the inhabitants when they are exposed to the 
climatic conditions in these outdoor spaces, hence a high level social activities in the 
semi-open spaces are possibly due to the comfortable environment.  
Bay in collaboration with Lam (2004) conducted a socio-climatic survey in the 
case of two contemporary high-rise housing projects, Bedok Court condominium 
block 295 and Jurong West block 510 to investigate the triangle relationship between 
social activity, space and climate. It is interesting to find that the intensity of social 
activities in the Bedok verandas is quite different during different time zones 
(Appendix G). People tended to have various kinds of activities during morning and 
evening period, while very few activities took place in the afternoon. Bay and Lam 
stated that this is mainly due to the hot environment of semi-open spaces during the 
afternoon period. The difference in intensity of social activities illustrates well the 
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contribution of good physical environment9.  
There are 3 basic aspects related to human comfort: thermal perception, acoustic 
perception and lighting perception. Bay’s study (2004) of Bedok Court condo found 
that lighting and acoustic environments had a wide acceptable range in the semi-open 
space, while the thermal environment was critically regarded. This means that people 
are not very sensitive to the lighting and acoustic level, but give great attention to 
thermal comfort. Hence, thermal comfort is very essential in semi-open spaces, 
especially in a hot-humid climate, where there are fewer low-technology options for 
inhabitants to get rid of the heat, a reasonable thermal environment of semi-open 
space is more crucial for many activities to take place. It is also therefore important to 
have appropriate predicting methods for informing architects to assess their new 
designs for their effectiveness in providing the suitable thermal comfort conditions. In 
the next chapter, we will discuss the existing thermal theories and the limitations in 
these thermal predicting systems.
                                            
9 For more details on the relationship between social activity and climate, social activity and space, 
climate and space, please refer to the paper: Bay (2004).  





CHAPTER 3. EXISTING RESEARCH ON 
THERMAL COMFORT 
Introduction of existing thermal theories, investigating the inadequacies and limitations, 
introduction of recent thermal comfort research 
 
 
Last chapter we have noted that the high level of social activities in tropical 
semi-open spaces are mainly due to the comfortable environment, but what kind of 
environmental parameters will influence the human perception? When a designer 
wants to assess whether his design is really workable in creating a comfortable space 
under a certain climatic condition, he needs a set of comfort standards to testify. Do 
we have a systematic standard to check which environmental condition to be 
considered comfortable? Are there any existing standards to help us figure out the 
exact comfort range of human beings? 
In this chapter we will look into several fundamental variables determining 
thermal perception, then discuss and evaluate several existing international thermal 
comfort standards. From the summary of all these former theories, we could figure 
out the inadequacies in the existing theory system, thus prompt the researchers to 
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conduct more research works focusing on these inadequacies. 
 
3.1 Six fundamental parameters determining thermal 
comfort 
Boutet (1987) argued that “Comfort is derived from many physical and psychological 
factors that produce a state of satisfaction or make life easier… Thermal comfort is 
the condition which produces minimal activity of the thermoregulatory mechanisms 
of the body.” This is to say, there are a large number of factors responsible for the 
feeling of thermal comfort, such as sex, age, colour, the person’s recent thermal 
history and his own individual make-up, thus it is difficult to tell which among them 
are more dominant. Bansal, Hauser, and Minke (1994) cited Frank’s illustration of all 
these factors (See Appendix A, Figure A-1).  
Amongst these various factors, it is widely agreed that there are six primary and 
dominant variables determining the state of thermal comfort, they are: activity level, 
clothing insulation and the four environmental variables of air temperature, air 
velocity, humidity and mean radiant temperature. Most of the former thermal 
researches are partly or totally based on these fundamental factors. 
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Metabolic rate 
The energy expended during physical activities of the subject is crucial for the 
choosing of optimal conditions of thermal comfort, since metabolic energy production 
increases in proportion to exercise intensity. Metabolic rate is defined as the rate of 
energy production of the body. It varies according to the activity performed; it is often 
measured in met (1 met=58.2 Watts per square meters). When the metabolic rate 
increases the body needs more cooling and as the rate decreases less cooling is 
needed. Figure 3-1 shows the typical metabolic heat generation for various activities. 




ASHRAE standard 55 – 1992 defined clothing insulation as “the resistance to 
sensible heat transfer provided by a clothing ensemble (i.e., more than one garment). 
It is described as the intrinsic insulation from the skin to the clothing surface, not 
including the resistance provided by the air layer around the clothed body; it is 
usually expressed in clo units.” Clothing affects the body’s sensitivity to climatic 
variations because it interferes with evaporation and forms a barrier to convection. 
Some typical clothing ensembles are listing in the following table (Figure 3-2, the one 
in the shadow was used in the case study to represent respondents’ clothing value): 
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Figure 3-1: Typical Metabolic Heat Generation for Various Activities (Source: ASHRAE, 1989) 
 
 
Figure 3-2: Values of typical clothing ensembles (Source: Fanger, 1970) 
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Air temperature 
Normally it is the dry-bulb temperature of the air surrounding the occupant, that 
provides a foundation for measuring comfort. Parsons (1993) described air 
temperature in detail as: “For practical convenience air temperature can be defined as 
the temperature of the air surrounding the human body which is representative of that 
aspect of the surroundings which determines heat flow between the human body and 
the air.”  
 
Air velocity 
It is the speed of air movement. Air movement could influence thermal comfort by 
affecting the rate of conductive-convective heat transfer between the skin and the air. 
Increasing air velocity will increase the rate of heat flow: when air temperature is 
greater than skin temperature, the heat will be added to the body by 
conduction-convection, contrarily the heat will be removed from the body. On the 
other hand, air velocity will also influence the rate of cooling of the body through 
evaporation of skin moisture. Therefore, when the ambient air temperature is below 
body temperature, increasing air speed always increases evaporative cooling effect. 
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Relative Humidity 
Relative humidity is the ratio of the actual amount of moisture presents, to the amount 
of moisture the air could hold at the given temperature and barometric pressure. In 
ASHRAE standard 55 – 1992, it was defined as “the ratio of the mole fraction of 
water vapour present in the air to the mole fraction of water vapour present in 
saturated air at the same temperature and barometric pressure; alternatively, it equals 
the ratio of the partial pressure (or density) of the water vapour in the air to the 
saturation pressure (or density) of water vapour at the same temperature.” Although 
humidity does not add to the body heat load directly, it affects the body’s capacity to 
dissipate heat through evaporation. 
 
Mean radiant temperature 
Koenigsberger (1973) defined mean radiant temperature as follows: “if all surfaces in 
an environment were uniformly at the temperature, it would produce the same net 
radiant heat balance as the given environment with its various surface temperatures.” 
In 1993 Parsons revised the definition as “the temperature of a uniform enclosure 
with which a small black sphere at the test point would have the same radiation 
exchange as it does with the real environment”. It modifies the effect of the ambient 
air temperature. It is the effect of surrounding surface temperatures, which vary with 
space and time. Usually in indoor climates, it only has a minor effect on thermal 
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comfort, but if it comes to the outdoors, it may be a significant fact. 
 
3.2 Existing international thermal comfort standards 
Predicting warmth from a series of the variables has been the main aim of comfort 
research over the last 80 years. There have been many studies that have correlated 
physical conditions and physiological response with thermal sensation and it is from 
these studies that models for predicting the thermal sensation of groups of individuals 
have been based. These models list in Table 3-1 are used by designers and engineers 
in an attempt to provide comfortable environments. 
 
Table 3-1: International thermal comfort indices  
(Summarize after: Koenisberger, 1973) 
THERMAL INDICES AUTHOR & YEAR 
Effective Temperature (ET) 
Corrected Effective Temperature (CET) 
Equivalent Warmth (EW) 
Operative Temperature (OT) 
Resultant Temperature (RT) 
Wind Chill Index 
Predicted Four Hour Sweat Rate (P4SR) 
Heat Stress Index (HSI) 
Equatorial Comfort Index (ECI) 
The Bioclimatic Chart 
Index of Thermal Stress (ITS) 
Thermal Comfort Equation 
Wet-Bulb Globe Temperature 
ASHRAE 55 Standards 
Houghton and Yaglou, 1923 
Vernon and Warner, 1932 
Bedford, 1936 
Winslow, Herrington and Gagge 
Missenard. 1944 
Siple and Passel, 1945 
Seamen, 1947 




P.O. Fanger, 1970 
Dukes-Dobos and Henshel, 1971,1973 
ASHRAE, 1989,1992 
 
Among the above thermal indices, the number of indoor thermal comfort studies 
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far outweighs the number performed outdoors. Several of them will be discussed in 
the following. They include Effective Temperature, Equatorial Comfort Index, 
bioclimatic charts developed by Olgyay, and Fanger’s thermal comfort equation. 
 
3.2.1 Effective Temperature (ET) 
The Effective Temperature index was the earliest thermal index, developed in 
1923-1925 at the research laboratory of the American Society of Heating and 
Air-Conditioning Engineers, by Houghten, Yaglou and Miller. Their findings were 
plotted on a psychometric chart, producing ‘equal comfort lines’. They named the 
new scale as effective temperature and it can be defined as the temperature of a still, 
saturated atmosphere, which would, in the absence of radiation, produce the same 
effect as the atmosphere in question.  
The formulae from which these nomograms were constructed were not published 
at that time. While in 1976, Gagge and Nishi developed the formula to calculate the 
Effective Temperature as followings (Cited from McIntyre, 1980): 
 
“At low air speeds (v<0.15 m/s) the normal effective temperature is well approximated by 
ET = (1.21Ta-0.21Twb) / (1+0.029(Ta-Twb)) 
Or ET = 0.492Ta+0.19pa+6.47 
The basic effective temperature may be estimated at low air speeds using the equation 
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ET = (0.944Ta+0.056Twb) / (1+0.022(Ta-Twb)) 
Ta and Twb (˚C) are the dry and wet – bulb temperature respectively and pa (mb) is the vapour 
pressure.”  
 
The original E.T. index did not include the effect of radiant heat, in 1932 Vernon 
and Warner (1932) applied a correction for radiation heat which is the Corrected 
Effective Temperature (CET) index, by replacing the dry bulb temperature to globe 
temperature. Later a modification to allow for radiant heat was proposed by Yaglou et 
al. (1950), and called the Equivalent Effective Corrected for Radiation. However, this 
index has not been widely used. 
 
Evaluation on ET 
Yaglou himself in 1949 stated that the ET index overestimates the effect of humidity. 
He explained that it was because the judges in the experiments were recording their 
thermal sensations immediately when they change from one room to another, without 
allowing time for physical or physiological adjustment. When passing to a room of 
higher RH, the skin or clothing adsorbs moisture, and the resulting release of heat of 
adsorption gives a transient warming effect. Conversely, on going into a drier 
atmosphere, the quick evaporation of moisture from skin and clothing gives a cooling 
effect. 
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Several researchers also carried out some experiments to examine the validity of 
ET index. Glickman et al. (1950) compared subjective and physiological responses to 
pairs of conditions with the same ET value, but with RHs of 30% and 80%. Koch, 
Jennings and Humphreys (1960) examined ET by observing the conditions which 
produced the same thermal perception at 30%, 50%, 70%, 90% relative humidities 
respectively, and various air temperatures. Both of their results showed that the ET 
index overestimated the effect of humidity for cool and comfortable conditions. 
In the early years, the Effective Temperature index is the most widely accepted 
because of its extensive experimental basis. But now it is no longer recommended by 
any of the major authorities. 
 
3.2.2 Equatorial Comfort Index (ECI) 
Webb and Atkinson (1957) conducted an analysis of some observations of thermal 
comfort in Singapore, under ordinary living conditions. In this project, subjective 
responses of acclimatized subjects were recorded together with measurements of air 
temperature, humidity and air movement – the experimentally-found relationships 
were organized into a formula and shown on a graph (See Appendix A, Figure A-3). 
The Singapore index for climate was defined by the following equation: 
 
Θ = 0.574t + 0.488p – 0.231v1/2+21.23 
  = 0.447t + 0.553tw – 0.231v1/2= 1/2(t + tw) – 1/4v1/2 
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Where Θ is the value of the index in degrees Fahrenheit, and t and tw are the dry 
and wet-bulb temperatures on the same scale, p is the water vapour pressure in 
millimetres of mercury, and v is the air velocity in feet per minute. 
The incidence of thermal discomfort due to warmth amongst fully acclimatized 
adult males, lightly active under ordinary living conditions was: 
 
Table 3-2 Thermal discomfort due to warmth in Singapore (Source: Webb, 1957) 
Singapore Index( oF) 74 76 78 80 82 84 86 88 
Percentage of Subjects uncomfortable due to warm 0 2 12 32 63 86 97 100
 
While the incidence of thermal discomfort due to cold under the same condition 
was: 
 
Table 3-3: Thermal discomfort due to cold in Singapore (Source: Webb, 1957) 
Singapore Index (oF) 74 76 78 80 82 84 
Percentage of Subjects 
uncomfortable due to cold 
81 53 23 6 1 0 
 
Webb concluded that the optimum value of the Singapore index was 78.7 + 3/4 ˚F 
(25.9 + 0.41˚C), when 68 +8% of the subjects were thermally comfortable. 
 
Evaluation on ECI 
ECI was the only index based on the typical tropical climate data. Since the climate is 
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quite different in each region, it is unfeasible to use a single chart to represent the 
comfort zone all over the world. In this case, the Equatorial Comfort Index is more 
specific to the context of Singapore. However, it was developed in 1950s when the 
Singaporeans were still leading a rural life, in which air-conditioning or even fans are 
not widely available. It is definite that the human thermal perception and their 
tolerance to the heat will be much higher than contemporary people. Therefore, it 
should be circumspectly applied for today’s predictions. 
 
3.2.3 Bioclimatic Charts of Olgyay 
The first published graphic presentation of climate data, designed specifically as a 
basis for evaluating human comfort needs and building design objectives, was by 
Olgyay and Olgyay (1963). The procedure of graphical presentation and 
interpretation of climatic data had profound impact, and many books and papers on 
the subject are still using this data. 
He has constructed a bioclimatic chart, on which the comfort zone is defined in 
terms of DBT and RH, but subsequently it is shown, by additional lines, how this 
comfort zone is pushed up by the presence of air movements and how it is lowered by 
radiation. In his book he reasonably assumed that “Man’s physical strength and 
mental activity are at their best within a given range of climatic conditions”, which 
later he ascribed it as “comfort zone”: “Man strives for the point at which minimum 
3. Existing research on thermal comfort 
48 
expenditure of energy is needed to adjust himself to his environment. Conditions 
under which he succeeds in doing so can be defined as the ‘Comfort Zone’, wherein 
most of his energy is freed for productivity.”  
 
Figure 3-3: Bioclimatic Chart, for U.S. moderate zone inhabitants (Source: Olgyay, 1963) 
 
 
In the Bioclimate Chart, the shaded area plotted in the centre is the “comfort 
zone”. It is bounded by a fixed lower temperature (21˚C /70˚F) and by a 
humidity-dependent upper temperature limit. When relative humidity is between 20% 
to 50%, the upper limit of dry bulb temperature is 82 ˚F (27.8 ˚C), when relative 
humidities is between 50% and 80%, the temperature drops down gradually to about 
70˚F (21.1 ˚C) 
Ideally, the satisfaction of all physiological needs would constitute the criterion of 
an environmentally balanced shelter. Here, however, only one element will be 
analyzed—the feeling of thermal balance. Without it, any definition of comfort is 
impossible. 
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Evaluation on Bioclimate chart 
The concept of the chart was based on the outdoor climatic conditions. This resulted 
in some limitations in analysing the physiological requirements of the indoor 
environment of the building. But Olgyay suggested that since indoor temperatures are 
very close to the outdoor level, these charts could be used as guidelines for buildings. 
According to this point, Givoni (1998) commented: 
 
”This can be reasonable approximation in lightweight buildings in humid regions, like the 
eastern United States, where Olgyay has lived and where residential buildings are usually 
ventilated naturally during the summer through open, although usually screened, windows. 
But even in this case indoor night temperatures, also in winter, are significantly higher than 
the outdoors even in unheated buildings, leading to overestimation of the need for heating. 
The problems with the Olgyay charts may be more severe in the summer. Indoor daytime 
temperature in un-air conditioned buildings, especially in high-mass buildings in hot-arid 
regions, can be very different from the outdoors’ ambient conditions. The indoor daytime 
maximum temperature can be significantly lower than the outdoor maximum, especially if the 
building is ventilated during the night hours and closed and shaded during the daytime. 
Guidelines based on the outdoor conditions may not be the right ones when the actual indoor 
temperature is considered.”  
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3.2.4 Fanger’s thermal comfort equation 
Another comprehensive research on the effect of the climatic factors on thermal 
comfort was conducted by P. O. Fanger (1972). His assumption was that comfort can 
be derived from a human heat balance equation that he formulated, and that “…a 
condition for thermal comfort, for a given person at a given activity level, is that his 
mean skin temperature (ts) and his sweat secretion (Esw) must have values inside 
narrow limits.”  
There are 3 conditions for comfort in Fanger’s equation. First, the body must be in 
thermal balance, so that the rate of heat loss to the environment is equal to the rate of 
heat production in the body. This implies that if the body was not in thermal balance 
its temperature will later become uncomfortable. Secondly, the mean skin temperature 
should be at the appropriate level for comfort; different activity will require different 
mean skin temperature. For instance, high metabolic rates require lower skin 
temperature than sedentary activities. The last requirement is that there is a preferred 
rate of sweating for comfort, which is also a function of metabolic rate. With the 
above 3 conditions, Fanger derived the general comfort equation: 
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Equation 3-1 contains the following variables:  
Icl, a dimensionless expression for the total thermal resistance from the skin to the 
outer surface of the clothed body;  
fcl, the ratio of the surface area of the clothed body to the surface area of the nude 
body;  
M, the energy released by the oxidation processes in the human body per unit 
time; 
ADu, Dubois area (the surface area of the nude body (m2)); 
η, Mechanical efficiency, represents how much does the energy released by the 
oxidation processes in the human body per unit time convert to external mechanical 
power.  
v, represents the relative air velocity;  
ta, air temperature; 
pa, pressure of water vapour in ambient air; 
tmrt, mean radiant temperature. 
 
But Fanger also mentioned: “…the satisfaction of the comfort equation is a 
condition for optimal thermal comfort. However, the equation only gives information 
as to how the variables should be combined in order to create optimal thermal 
comfort, and it is thus not directly suitable for ascertaining the thermal sensation of 
persons in an arbitrary climate where the variables cannot be expected to satisfy the 
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equation.” Therefore, from the thermal comfort equation, Fanger also provides tables 
of the “Predict Mean Vote” (PMV) for a series of activities, clothing values and 
environmental conditions (air temperature, mean radiant temperature, air velocity and 
air humidity). It is expressed by the following equations: 
 
Equation 3-2: Predicted Mean Vote equation (Source: Fanger, 1972) 





In this equation, tcl is the temperature of the clothing surface, hc is the convective 
heat transfer coefficient (Kcal/m2hr˚C). The thermal sensation scales assumes equal 
intervals between the expressions of thermal sensation. Hence, the degrees of 
deviation from the optimal conditions of thermal comfort are transferred into numbers 
rather than expressions (in which thermal sensations are subjectively described by 
feelings termed “3” - hot, “2” - warm, “1” - comfortably warm, “0” - neutral, “-1” - 
comfortably cool, “-2” - cool, “-3” - cold). Fanger defined comfort as the conditions 
under which the subjective thermal comfort votes are between “-1” and “1”. 
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Evaluation on Fanger’s equation 
Fanger’s comfort equation proved to be successful and had been widely used in 
1970’s. The PMV equation also gave good results for the standard conditions of 
sedentary activity and light clothing, since it is based firmly on experimental data of 
those people. However, since most of the experimental work on which the comfort 
equation was based was carried out on healthy young American or European college 
students. It is questionable that this equation will apply to other groups of people. 
Furthermore, Givoni (1998) investigated comparisons between several field 
studies and Fanger’s PMV model, and found that there were big discrepancies 
between them. He claimed that “one of the problems with Fanger’s heat balance 
equation is that the effect of airspeed is taken into account only with respect to the 
convective heat exchange, while its effect on sweat evaporation is not included in the 
heat balance formula. Consequently, at a given warm temperature and humidity, when 
the convective heat exchange is rather small, the PMV will have almost the same 
value at different wind speeds. This point limits greatly the ability of the Fanger 
formula to evaluate the physiological and sensory effects of airspeed, which is a very 
significant factor in hot-humid climates.” 
 
3.3 Summary of the inadequacies of thermal standards 
From the above description and evaluation of former thermal indices, we can clearly 
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see limitations of those standards. Here we just highlight two main inadequacies. 
 
3.3.1 Few prediction models apply to tropical context directly 
Those prediction models are not directly appropriate for application in the tropical hot 
and humid climate. Ahmed Nicol (1995)10 complained that: “Climatic data for easy 
use is often available for architects in temperate climates, where most of the countries 
of the developed world are situated. However in the tropics there is a complete lack of 
awareness on the part of climatologists about the importance of processing data for 
use by architects.”  
What he stated is true, although the tropics include nearly half the land area of the 
world, and a large fraction of the world’s population, there has so far been no definite 
comfort index for any specific tropical region. Most of the international predicting 
systems were developed mainly for the temperate climatic conditions, with just some 
adaptation for the other regions. However, field study thermal comfort research in 
every-day conditions has demonstrated that the upper limit is not rigid but flexible, 
significantly depending on the climatic conditions of the subjects. In the hot and 
humid tropical regions, residents can have higher tolerance to the surrounding 
conditions due to the prolong exposure to the hot and humid conditions. It is also 
                                            
10 Please refer to the paper: Ahmed. Z. N. 1995. Temperature standards for the tropics? In Standards 
for thermal comfort: Indoor air temperatures for the 21st century. Edited by F. Nicol, M. Humphreys, 
O. Sykes and S. Roaf. Published in 1995 by E & FN Spon, 2-6 Boundary Row, London. 
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probable that acclimatization to hot-humid conditions affect the sensitivity to skin 
wetness. If so, it would have an impact on the range of acceptable humidity level as 
demarcated in comfort diagrams. No research on this subject is known to the author, 
and such research would be very useful. 
Givoni (1998) once conducted a field study in a warm-humid town (Colima, 
Mexico) and found that during June to October even the minimum temperatures 
would be considered as uncomfortable by the ASHRAE comfort zone, suggesting that 
air conditioning is needed continuously, day and night, throughout the summer, while 
visiting the University of Colima and talking with faculty members it was mentioned 
that almost all of the residential buildings in the city are not air conditioned and that 
the late hours of the nights and early mornings are experienced as comfortable, both 
outdoors and indoors, or even as chilly, apparently reflecting their acclimatization to 
the local climate.  
Equatorial Comfort Index (ECI, C.G. Webb. 1957) was developed in 1950s in 
Singapore specifically for the hot and humid tropical climate. Lifestyles and living 
conditions dramatically changed in the last 40 years. Human experience and comfort 
votes of the environment could change significantly. Such old models may not be 
accurate for current usage.  
There is a latest model for thermal comfort which was developed by Feriadi and 
Wong (2003). It is applicable to the context of naturally ventilated tropical dwelling 
interiors. This is about the closest model for consideration as an application to the 
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tropical semi-open spaces for high-rise dwellings. Later it will be introduced in detail 
and used to predict human responses in the field study. 
 
The impact of lack of tropical thermal comfort models 
Due to the permanent hot and humid climate in tropical areas, residents in tropical 
regions could have higher tolerance to the hot environment. However a rigid 
maximum temperature in the existing standards tends to force the provision of 
air-conditioning when it actually may not be necessary for thermal comfort. For 
instance, the architect sees the most comfortable temperature for indoors as 23.5 ˚C in 
standards and the only way to guarantee that the temperature would not exceed this 
level is to provide cooling equipment, so it was specified, while in reality, people can 
feel cool or even cold at this temperature. In this case, the energy-consuming cooling 
system is not only needless, but can even cause thermal discomfort. 
3.3.2 Few prediction models are for semi-open spaces 
There is also another problem with the existing models. For more than half a century, 
most of those international thermal standards were developed to serve as a guideline 
for indoor or mechanically controlled air-conditioned spaces without referring to the 
naturally ventilated semi-open space. 
Olgyay’s Bio-climatic chart was the only index based on the outdoor climatic 
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conditions, but it was developed in 1960’s which was more than 40 years ago. It is 
expected that people’s thermal adaptation, behaviour and level of acceptability 
towards a hot and humid environment may change over the years owing to changing 
living conditions and their expectations. Moreover, many subsequent researches have 
already questioned the validity of this model and presented the evidence of the 
discrepancies between it and their researches. Therefore, it is not suitable to still apply 
this index for prediction in today’s semi-open spaces. 
Due to the absence of empirical semi-outdoor thermal comfort studies it has been 
widely assumed that indoor thermal comfort theory generalizes to outdoor or 
semi-outdoor settings without modification. But there are many factors influencing 
the result of human perception between indoors and semi-outdoors, such as the 
clothing, psychological patterns, solar radiation, air movement and so forth. For 
example, if the residents are exposed to intense solar radiation and to the winds, then 
their response to the temperature and humidity conditions may be modified greatly. 
Furthermore, people staying outdoors usually wear different clothing which are more 
suitable to the outdoor climates. Therefore, it is very important to check empirically 
whether such or similar standards that are applied to indoor air-conditioned buildings 
are appropriate to the semi-open spaces. 
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The impact of lack of thermal comfort model for semi-open spaces 
Most of the outdoor climate may not be comfortable in the present thermal guidelines. 
When this assumption is made, semi-outdoor spaces which have performed well in 
traditional tropical living may be discarded because one cannot guarantee that they 
will never overheat when weighed by those international standards. In this case, 
architects would pay more attention to the interior spaces which could be under their 
control, but leave the semi-open space aside. On the other hand, some residents would 
even wall their semi-open space up to make it an area of interior space. In this respect, 
the need for careful climatological and thermal design becomes less pressing in 
semi-open space design, and therefore the wonderful social and physical 
characteristics could hardly be inherited and applied. 
Fortunately, gradually recognizing the above limitations, scholars have begun to 
conduct researches in open or semi-open spaces, also in tropical and sub-tropical 
areas. Their researches, though may be subjected to some limitations, can provide 
necessary indication and influences for building up a systematic international 
standard. 
3.4  Recent research on thermal comfort  
We have summarized the existing international thermal comfort theories and 
discussed two main limitations of thermal comfort systems. Recently, realizing the 
inadequacies in these thermal theories, researchers (Givoni, de Dear, etc.) began to 
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conduct field studies in either tropical or outdoor climates, or both. Some of them will 
be introduced and evaluated in the following contents, to see how they contribute to 
the tropical outdoor thermal comfort theory system. 
 
3.4.1 Fanger’s adjusted model for non-air-conditioned buildings in tropical 
regions 
In 2001, Fanger and Toftum presented a paper in the Moving Thermal Comfort 
Standards into the 21st Century conference. He admitted that in non-air-conditioned 
buildings in warm climates, the PMV model predicts a warmer thermal sensation than 
the occupants actually feel. He also pointed out that there were two factors 
influencing the actual thermal sensation result: expectations of the occupants and their 
metabolic rates (People in warm climate will tend to judge a given warm environment 
as less severe and less unacceptable than those from temperate climate zones, and 
also, they will make themselves adapt to the environment by decreasing their 
metabolic rate.) 
In order to make the former indoor thermal comfort model able to predict the 
thermal sensation in non-air-conditioned buildings in warm climates, he used the data 
from the database of thermal comfort field experiments (de Dear 1998) for the 
development of the adjusted PMV. All the data were obtained in non-air-conditioned 
buildings during the summer period in warm climates from four cities (Bangkok, 
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Brisbane, Athen, and Singapore). Then Fanger proposed that the PMV in these 
climate zones should be recalculated by multiplication with an expectancy factor and 
a metabolic factor. He also showed the comparison between the new extension of 
PMV and the observed mean vote and found that they were similar (Table 3-4). 
 
Table 3-4: Comparison of observed thermal sensation votes and predictions made by the new 
extension of the PMV model (Source: Fanger, 2001) 
City Expectancy factor PMV adjusted to 
proper activity 

























3.4.2 Givoni and Noguchi’s experimental study in outdoor spaces in Japan 
Givoni and Noguchi (2000) presented a paper in proceedings of PLEA 2000, in which 
they showed an experimental study conducted in Yokohama city in Japan, from 1994 
to 1995. The experiments were conducted under controlled solar insulation and wind 
speed in order to understand how these physical factors influence the thermal 
sensation and the comfort level of Japanese persons staying in outdoor spaces. The 
subjects consisted of 6 people and were divided into 3 pairs staying in three areas: 
exposed to the sun and undisturbed wind, exposed but with reduced wind and in the 
shade and undisturbed wind. 
By using multiple regression data analysis, they create a formula which expresses 
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thermal sensation as a function of five variables (air temperature, solar radiation, 
wind speed, relative humidity and surrounding ground surface temperature). 
Moreover, since the outdoor solar radiation and wind speed could be significantly 
different from indoors and may lead to various sensations, Givoni also developed a 
formula which takes into account only the effects of air temperature, solar radiation 
and wind speed, and found the relationship between these three parameters. From the 
survey, Givoni found the negative sign for the effect of relative humidity, which is in 
contrast with the accepted notion that high humidity increases the sensation of 
warmth. The details will be discussed in Chapter 6. 
This research showed an indication of thermal comfort outdoors, however, just as 
Givoni mentioned himself, since the number of subjects was quite small, therefore it 
may lead to a lot of deviation from the real situation. It only showed us the possibility 
and a feasible method of researching on thermal sensations of the persons in outdoor 
or semi-outdoor spaces.  
 
3.4.3 Sharples and Heidari’s field survey in Iran for comparing thermal 
comfort in indoor and courtyard spaces 
Sharples and Heidari (2000) also described a thermal comfort survey of people living 
in courtyard housing in Iran. They compared indoor thermal sensations to that of the 
courtyard and used regression analysis to describe the relationship between thermal 
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sensation (using ASHRAE seven-point thermal sensation scale) and air temperature. 
This project reported on the comfort range and the mean neutral temperature in 
the courtyard and indoors. It concluded that the mean air temperature of the courtyard 
was 31.7 ˚C with a range of 25.4 to 44.3 ˚C, while the mean indoor temperature for 
comfort was 29.6 ˚C, the comfort zone in the courtyard was 23.5 to 31.5 ˚C and 
indoors was 24.0 to 33.5 ˚C. Then the paper claimed that the difference of comfort 
temperature between courtyard and indoor was because the air movement in the 
courtyard was higher than that of indoors. Apart from this, the authors also pointed 
out that the reasons for the discrepancy in neutral temperature might be due to the 
religious and psychological attitudes, which is very hard to measure. 
Nevertheless, there are also some limitations in this research. As the paper 
mentioned itself, due to the effect of culture and religion, subjects outside even obtain 
a higher clothing value than indoors, which will definitely have a great effect on 
human perceptions. Furthermore, this project only discussed the relationship between 
air temperature and thermal sensation, but more important issues in outdoor thermal 
comfort such as ventilation and solar radiation were little touched. 
3.4.4 De Dear’s field study in sub-tropical region for investigating thermal 
sensation in semi-outdoor climate  
Notifying the absence of empirical outdoor thermal comfort studies, Jennifer 
Spagnolo and Richard De Dear (2003) had also conducted a field study concentrating 
3. Existing research on thermal comfort 
63 
on the thermal sensation in semi-outdoor climate in subtropical region (Sydney, 
Australia). First they set up a set of micrometeorological measurements instrument 
whose sensors were selected to measure four basic environmental parameters. The 
data logger of the equipment could record the data at a certain short interval. Then a 
total number of 1018 samples were surveyed near the instruments, both in summer 
(n=585) and winter (n=433) season. In order to reduce the rejection rate, the whole 
questionnaire process was designed to take less than a minute to complete. After the 
data analysis, the paper came out with the results of neutral temperatures for each 
season, as well as the preferred temperature, air movement and preference for sun and 
shade and deducted the possible reasons for the results. More interesting is, this 
research project also conducted the comparison between indices, models and 
observed data, whose result was that the actual neutral index temperatures derived 
were far from the mean values of the models or standards. Furthermore, the paper 
even investigated the influence of gender, personal and psychological factors in 
thermal perception. 
This field study was very comprehensive by considering all the possible factors 
for thermal perception, and provided a good view of outdoor thermal sensation in 
Sydney, both in winter and summer seasons. It was also a wonderful instruction study 
for further outdoor thermal comfort research, in terms of methodology, data collection 
and analysis. However, one serious limitation still existed, which is, the survey 
process was limited to less than 1 minute to complete in order to reduce the reduction 
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rate. It is well known that it will take some time for humans to get acclimatized to the 
environment; one minute is too short for respondents to get real response to the 
current environment, what they fill in the questionnaire might be subjected to what 
they feel 15 minutes ago, when the environmental conditions could be significantly 
different. In this case, the result could lead to serious misunderstandings. 
 
3.4.5 Wong Nyuk Hien’s ventilation comfort chart in outdoor spaces in 
Singapore 
Wong Nyuk Hien, Tan Freddie and Lam Khee Poh (2003) conducted a survey in 
Singapore from 23 to 29 December, 2002. In the survey, they simultaneously 
measured the objective and subjective measurements, among which the former one 
collected four environmental data (air temp, humidity, wind speed, solar radiation) 
and two personal variables (clothing value and metabolic rate) and the latter one 
obtained the respondents’ perception of their immediate thermal comfort 
environment.  
Due to the importance of wind in outdoor thermal sensation, this research also 
developed a ventilation chart (See Appendix A, Figure A-5) to investigate the impact 
of natural wind on thermal comfort. Finally this research concluded that in this survey 
the desirable temperature for outdoor climate is in the range of 26 to 27 ˚C. However, 
this survey was conducted only in the month of December which is the cool period in 
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Singapore. The temperature could be much higher in June to August; in a sense the 
thermal sensation could be totally different. Thus a more thorough research is needed. 
 
3.4.6 A latest model for predicting thermal comfort in tropical naturally 
ventilated interior spaces 
Based on the environmental data we measured in the survey, we used a recent model 
to make the prediction of thermal comfort perceptions. The model, developed by 
Feriadi and Wong (2003), used the data from a survey of residential respondents. The 
total data of 538 samples from Singapore and 525 data from Indonesia were collected 
through extensive field surveys during rainy and dry seasons from the year 2000 to 
2002. For each survey, both objective and subjective data were collected 
simultaneously. The objective records captured personal and environmental 
parameters such as information on clothing, metabolic rates, dry bulb 
temperature/DBT, mean radiant temperature/MRT, relative humidity/RH, and air 
velocity/AV). Subjective surveys were made with seven scales of thermal sensation 
(based on ASHRAE and Bedford scale), and other relevant perception scales. 
Feriadi and Wong employed the statistical method of Probit regression analysis 
and fuzzy logic to obtain a more consistent modelling of varying perception of 
thermal conditions, with the assumption that the likelihood of an event happening 
would increase as the stimulus intensity increased. With this method the model was 
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developed into a computer system for prediction of mean votes for thermal comfort 
for dwellers in naturally ventilated tropical housing. 
 
In order to investigate to what extent this latest model can be applied to semi-open 
spaces in the same tropical context, a comparison between PMV predicted by this 
model and actual human responses was conducted. There are similarities and 
differences between; the differences were mainly due to the availability of higher 
wind and solar radiation in the semi-open space. Therefore another case study was 
processed to find out the solar and wind effects on thermal comfort in semi-open 
space. The next Chapter will discuss the research methodology for achieving the 










CHAPTER 4. RESEARCH METHODOLOGY  
Methodology to check the feasibility of applying PMV to tropical high-rise semi-open space, 
methodology to examine solar and wind effect on thermal comfort 
 
 
In the last chapter the author has illustrated the inadequacies of existing thermal 
comfort theories. It is found that there is no systematic thermal comfort model 
directly for tropical semi-open spaces. There is only a latest model fit to tropical 
naturally ventilated interior context. Can this model be applied to semi-open space? It 
is interesting to examine the results of applying the latest model to semi-outdoor 
context. There could be differences between the semi-open space and the naturally 
ventilated indoor space. This Chapter will introduce the research methodology of 
using two cases in Singapore to compare the actual thermal votes in the semi-open 
space to the PMV predicted by the latest indoor model to see the similarities and 
differences in between. The two cases are Bedok Court condominium block 295 and 
Jurong west public housing block 510. 
The author assumes that there will be similarities and differences between the 
PMV value and actual human perception in semi-open spaces. Wind and solar 
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radiation definitely contribute a lot to the above differences, since they are the most 
significant differences between the indoor and semi-outdoor climate. How do they 
affect thermal comfort in a semi-outdoor climate? How do these two factors interact? 
In addition, in a hot and humid tropical climate, is it true that more wind means that 
people get more comfortable? Will the wind cause discomfort of coolness in 
semi-open spaces? This chapter will also introduce the method in Bedok case block 
295 to illuminate the influence of solar radiation and air movement in determining 
thermal sensation in tropical high-rise residential semi-open spaces, find out their 
interactions and the optimal range for residents. 
 
4.1 Brief introduction of the two cases 
Bay (et al. 2004) selected two housing projects in Singapore - Bedok Court 
condominium block 295 and Jurong west public housing block 510, to investigate the 
triangle relationship between space, social patterns, and climate in tropical high-rise 
semi-open spaces. This research is a further discussion based on Bay’s study. The 
following is the brief introduction of these two projects. 
 
4.1.1 Bedok Court condominium block 295 
The design of Bedok Court condominium was conceived by Cheng Jian Fenn of 
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Associates Group Architects in 1980, and was implemented and completed in 1985. It 
consists of 4 medium-rise 5-story blocks and 6 high-rise 12-to-20-story blocks, with 3 
generic unit types with variations. 
Bay (2001) described these semi-open verandas in the sky as: “the semi-open 
verandas of each unit vary in sizes from 10m by 7m down to 4m by 7m for the typical 
units (Figure 4-1). These decks were strategically staggered at various levels to create 
variations of heights in voids, lighting, ventilation and views, while maintaining 
adequate covered paths from the entrance doors to the corridors. They are privately 
owned, personalized spaces with a casual public presence in the everyday corridors of 
movement, for sharing and engaging visually and socially.” 
 
Figure 4-1: Typical verandas in Bedok court condominium (Source: Author)  
 
 
Residents expressed that the environment in their semi-open forecourts is so 
comfortable and serene that they would like to use it for various functions. This can 
be evidenced by that almost all the forecourts were furnished with plants, and most 
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verandas had outdoor furniture for various activities (Figure 4-2). The veranda spaces 
were predominantly well shaded, well lit and ventilated. Low fences were the main 
casual barriers, except for a few high grilles. Visible belongings noted in courtyards 
include toys, exercise machines, gardening items, laundry, repair kits, bicycles, 
outdoor tables and chairs, swings, aviaries, and shoe boxes.  
 
Figure 4-2: Various activities in the verandas (Source: Author) 
 
 
In order to obtain the actual human thermal perceptions in the high-rise semi-open 
spaces, a typical high-rise block (Block 295, Figure 4-3), which is facing north was 
selected to conduct the survey. From Figure 4-4 we can see the overall shaded 
verandas in block 295 actually looks like a naturally ventilated interior space with 
large openings11? It is interesting to examine whether the interior predicting model 
can be workable in such kind of semi-open spaces. 
                                            
11 The verandas in Bedok Court condo is well shaded and visually appears like an interior space, some 
residents even dispose some indoor furniture (sofa, table, etc.) in the forecourts for use, as Figure 4-5 
shows. 
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Figure 4-3: The typical floor plan of Block 295 (Source: Bay 2004) 
 
 
Figure 4-4: Semi-open veranda looks like an interior space (Source: Author) 
 
 
4.1.2 Jurong West public housing block 510 
Jurong West public housing block 510 was a representative case selected after a 
preliminary study in 95 public housing blocks all over Singapore12. It was also 
designed in 1980’s, 14-16 floors high, facing north, with attributes similar to Bedok 
                                            








Air well Air well 
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Court condominium. Also, similar activities has been observed by previous studies in 
the public housing corridors and Bedok Court Condominium verandas for exterior 
activities such as gardening, sitting, repair of bicycles, etc. Preliminarily, there are 
also similar types of spatial usage with correlations of social aspects relating to 
thermal comfort factors. However, compared to the verandas of Bedok Court condo, 
the semi-open entrance corridors in this block are narrower, more open to outdoor 
environment and less comfortable. These spaces are still occupied for different 
functions due to the strong desire of the residents for more activities. As shown in 
Figure 4-5, inhabitants can still use the space immediately in front of the apartment to 
hang clothes, store furniture, and sometimes even put chairs or sofas outside for 
resting when space permits. They also did gardening, greeted with neighbours and 
sometimes prayed in the corridors.  
 
Figure 4-5: Corridor space of Jurong west block 510 (Source: Author) 
  
 
The corridors of Jurong West block 510 are less shaded with a large portion 
exposed to the outdoor environment, looking more like an outdoor space, what would 
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the residents perceive in this space? To what extent can the latest interior model work 
in such kind of semi-open space? Later we will discuss the case study approach to 
answer these questions. 
 
4.2 The benefits of using case study approach 
In general, two main methods are used to determine thermal comfort: through climate 
chamber experiments and through case studies. Climate chamber experiments collect 
the data from a certain group of subjects under controlled laboratory conditions, while 
case studies collect the data in the actual context of particular cases.  
There are two main types of benefits that researchers can obtain from using the 
case study method. The most significant benefit is that case study collects data in 
realistic conditions and can decrease the frequency of errors or deficiencies caused by 
the insufficient simulating of real-world conditions in experiments. Therefore in this 
research it can give an accurate estimate of the thermal environment preferred by the 
corresponding people. In addition, this method is cheaper and could be easily 
operated; both research group and individuals can adopt it.  
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4.3 Case study for comparing PMV with actual thermal 
sensations 
4.3.1 Thermal comfort survey 
As an extension of Bay’s study (2004), the case study of this research mainly focuses 
on the thermal comfort aspect. Through the thermal comfort survey, the actual human 
thermal responses to the corresponding physical environment in the semi-open spaces 
were collected. On the other hand, based on the same environmental data in the case, 
we predicted PMV value of each sample using Henry’s latest thermal comfort model. 
By looking into the similarities and differences between the PMV values and actual 




The survey was conducted in both housing projects twice in different seasons, June 
(the hot and dry season) and December 2003 (the cooler and wet season). Since only 
in the weekends residents can be free and may conduct various activities in their 
semi-open entrance space, all the interviews took place during daytime (8:00 am to 
20:00 pm) on weekends. In June, 116 samples in Bedok and 102 samples in HDB 
were collected; in December, there were 120 in Bedok and 113 in HDB being 
surveyed. 
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The survey involved two simultaneous measurements: objective and subjective 
measurement. The objective measurement collected four environmental data (dry bulb 
temperature, relative humidity, wind speed, mean radiant temperature) and two 
personal variables (metabolic rate and clothing value13). The subjective measurement 
recorded the respondents’ corresponding responses of their immediate thermal 
comfort environment. 
The four fundamental environmental data were measured by Testo 445 and 
Hobometer (See in Appendix C). Surveyors read dry bulb temperature, relative 
humidity, wind speed and globe temperature from the instruments and then calculate 
mean radiant temperature from the above parameters14. The subjective measurement 
involved people’s perceptions against the immediate environment and their 
preferences, which is obtained by asking the following questions: 
 
1) Do you feel comfortable?  
2) What is your preference to the current environment? 
3) How do you feel about air freshness now? 
4) How do you feel about air humidity now? 
5) How do you feel about air movement now? 
                                            
13 Since the respondents were all wearing typical tropical shorts and just standing in the semi-open 
space when we were surveying, the metabolic rate were all assumed to be 1.1, and the clothing value 
were all assumed to be 0.3. 
14 Mean Radiant Temperature (MRT) was calculated from the Globe Temperature, air velocity and air 
temperature, please refer to the equation C-1, C-2 in Appendix C. 
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During each interviewing, the respondent was asked to stand around the centre 
of the veranda or corridor. Before the respondent answered the questions of their 
thermal perception, he was asked to take a rest of 10 ~ 15 minutes to relax and get 
familiar with the semi-outdoor environment, so that he could achieve a stable 
situation and not treat the verandas or corridors as a transient space. Meanwhile the 
activity level of each sample could be assumed to be similar to the indoor activities, 
and the metabolic rates were all set to be 1.1. In terms of the clothing, in tropical 
regions like Singapore, the respondents were all wearing typical tropical shorts, both 
inside and outside. The clothing values of all samples were assumed to be 0.3. The 
measuring instruments were set at the same location of interviewing, at the height of 
1.2 meters (Figure 4-6). 




Thermal sensation is related to how people ‘feel’ and is therefore a sensory 
experience and a psychological phenomenon. There have been many studies that have 
correlated physical conditions and physiological response with thermal sensation and 
it is from these studies that scales for quantifying the thermal sensation of groups of 
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individuals have been based. These scales are widely used by designer and engineers.  
Table 4-1: Scales used in the survey (Source: Author) 











 -3=Much too 
stuffy 
-3=Much too dry -3=Much too still 





-1=Slightly stuffy -1=Slightly dry -1=Slightly still 
0=Comfortable 0= Prefer No 
change 





1=Slightly fresh 1=Slightly humid 1=Slightly breezy 
2=Too warm  2=Too fresh 2=Too humid 2=Too breezy 
3=Much too 
warm 





In this research, for preference on current environment, the Mcintyre’s 3-point 
scale was selected. In terms of the thermal perception, 7-point scales, either ASHRAE 
scale or Bedford scale, were widely used in field studies. However, there is evidence 
showing that the ASHRAE scale could lead a bimodal distribution of response when 
used in field studies. As (Oseland and Humphreys 1994) criticized: “…the category 
‘warm’ which some respondents take to be a pleasant condition, while its context in 
the scale indicates an unpleasantly warm sensation. The ASHRAE scale could also be 
criticised as being one of thermal sensation only and not thermal comfort.” In this 
case, the other scale most commonly used, Bedford scale, which combines 
assessments of both thermal sensation and comfort, was selected to quantify thermal 
perceptions. In addition, the scales for quantifying the other human perceptions on air 
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freshness, wind, humidity were derived from Bedford scale (Table 4-1).  
4.3.2 Comparative study 
By input of the objective data (six fundamental variables) measured in the survey to 
Henry’s latest predicting model, the predicted mean vote value will be calculated. The 
output will be values ranging between -3 and 3, which is also calculated based on the 
Bedford scale. In this case, based on one set of environmental data, there are two sets 
of corresponding subjective evaluations. One is actual votes obtained from the survey, 
and the other is PMV values. Comparative study was conducted between the actual 
vote value and PMV value to see the differences and similarities.  
 
4.4 Case study for examining solar and wind effect on 
thermal comfort in semi-open spaces 
We assume that there will be differences between actual votes and PMV values. This 
research conducted another case study to investigate the solar and wind effects 
contributing to the differences. Wind and solar radiation are assumed to be the most 
influencing factor contributing to the difference between indoor and semi-outdoor 
thermal comfort, this case study therefore attempt to find out how they affect 
semi-outdoor thermal comfort. Bedok court condominium was selected as the case to 
examine solar and wind effects on thermal comfort. 
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4.4.1 Continuous weather monitoring 
In order to illustrate the main differences between indoor and semi-outdoor climate, 
three sets of environmental monitoring equipment (Testo 445 and Pyranometer) were 
installed, one in the corridor, one in the entrance forecourt and one inside the room 
immediately adjacent to the entrance forecourt (Figure 4-7). The equipments recorded 
the environmental conditions every half an hour over a period of one week. The 
following parameters were monitored: 
z Ambient temperature 
z Wind speed 
z Relative humidity 
z Solar radiation 
We assumed that wind and solar radiation are the most significant variables 
differentiating indoor and semi-outdoor climate. This can be tested through 
comparison of these parameters at the three locations. 
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4.4.2 Thermal comfort survey 
For investigating the solar and wind’s effect on thermal comfort in semi-open 
entrance spaces, this research conducted another round of survey in the Bedok court 
condo block 295 during the hot period, from 12 to 20 June15, 2004. During this month 
there will be much solar radiation cast on the north-facing façade, which may lead to 
overheat problem and cause thermal discomfort16. This is good for the survey because 




The data collection method is similar to what is introduced in the previous case study, 
involving objective and subjective measurement. In the objective measurement, 
besides the six fundamental parameters, the intensity of global solar radiation (W/m2) 
was also recorded when interviewing the residents, using the equipment Pyranometer 
(please refer to Figure C-3 in Appendix C). On the other hand, the subjective 
                                            
15 The reason for selecting the hottest June period to conduct the survey is because in Singapore the 
thermal discomfort is mainly due to overheat. In the previous case study it is already found that most 
people do not have the problem of overheat in December, therefore we do not consider this period in 
this round of survey.  
16 Using the software SOLARIS, it is observed that there would be least shading effect on the façade 
facing north in June, that is to say, the semi-open verandas in Bedok could receive most solar radiation 
which might cast a significant effect on semi-outdoor thermal sensation during this month. For details 
please refer to my college Wang Na’s thesis, Chapter 5. 
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measurement involved people’s thermal comfort perception, preference to solar 
environment and preference to wind environment by asking the following questions: 
 
1) How do you feel at this moment?  
2) What is your preference to current environment?  
3) What is your preference to solar intensity?17  
4) What is your preference to air movement?  
 
In order to eliminate the effect of air temperature and humidity on thermal 
comfort, the respondents were asked to give their thermal comfort vote twice. Once 
they voted in their entrance verandas, meanwhile the Paranometer and Testo 
equipment were held horizontally at the height of 1.2 meters to record the 
corresponding intensity of global solar radiation and wind speed in the veranda, and 
then the respondents were asked to come to the corridors and relax for 10 minutes and 
vote again (Figure 4-8), with another set of environmental data in the corridor 
recorded. Since there was only a short period between these two voting time of each 
sample, the air temperature and humidity were almost the same, but wind speed and 
intensity of global solar radiation could be different. Hence, under the same DBT and 
                                            
17 Since the existing indoor thermal comfort models seldom consider the effect of solar radiation, this 
question was put to test whether people are conscious of the solar radiation in their semi-outdoor 
thermal comfort. The given answers for resident’s selection are listed in Table 4-2. The respondents are 
expected to choose “prefer less sun” to show their consciousness of solar radiation. 
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RH, any difference between the two votes of each sample, will be due to the different 
solar radiation and wind at the two voting locations. Altogether, 90 people were 
surveyed. 
 




Bedford scale and McIntyre scale continued to be used for quantifying the subjective 
perceptions, keeping in consistence with the previous case study. Table 4-2 shows the 
details:  
 
Table 4-2: Rating scales for the comfort survey (Source: Author) 




Preference on solar 
radiation 
Preference on air 
movement 
-3=Much too cool 
-2=Too cool 




0=Prefer no change 0=Prefer no change 0=Prefer no change 
1=Comfortably warm 
2=Too warm 
3=Much too warm 
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In the next Chapter, the data analysis on the comparison between the actual response 
























CHAPTER 5. DATA ANALYSIS ON PMV AND 
ACTUAL VOTES 
Summary of the thermal comfort survey results, comparison between the PMV values and the 
actual votes, finding out to what extent the model could be applied to semi-open spaces 
 
 
In June, there are a total number of 116 samples collected in Bedok Court 
condominium block 295 and 102 samples collected in Jurong West public housing 
block 510. In December, 113 subjects in Bedok case and 120 subjects in Jurong case 
were surveyed.  
There is a good mix of people of different gender, age groups and race in both 
cases. The backgrounds of the people surveyed at these two locations are very 
similar18.  
 
                                            
18 For the details of population composition in both cases, please refer to Bay (2004). 
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5.1 Thermal comfort survey results 
5.1.1 Thermal perceptions at the two projects 
Thermal perceptions in June 
Chart 5-1 shows the vote percentage of the respondents based on the 7-point Bedford 
scale at the two locations in June. The results show that in the Bedok case, nearly 
40% subjects voted for “0” which indicated that they were comfortable. Furthermore, 
there were quite a few of subjects voting on the cool side (20% voting for “-2” and 18 
for “-1”).  
On the other hand, in the Jurong case, the percentage of the respondents voting for 
“0” was 30%, and a large number of residents voted on the warm side (more than 
30% voting for 1, 17% for 2 and nearly 10% for 3) indicating that quite a lot subjects 
felt warm or even hot in the survey. Therefore, in general the residents in the corridors 
of Jurong West block 510 experienced a warmer environment. 
 
Chart 5-1：Percentage of comfort votes in June (Source: Bay 2004) 
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Vote
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Preferences on the environment in both cases in June 
In terms of the preference on the current environment, subjects in the Jurong case had 
a stronger desire for a cooler environment than those in the Bedok case (Chart 5-2). 
The majority of the respondents (70%) in the Jurong block voted for “1” which 
indicated that they prefer the current environment to be cooler. On the other hand, 
most subjects (59.62%) in the Bedok block were satisfied with the current 
environment and preferred no change, but there were still 38.2% of the subjects 
preferred cooler. This showed that during dry-hot season, the environment of the 
verandas in the Bedok case was more comfortable than the Jurong case. 
 
Chart 5-2: Preference on current environment in June (Source: Author) 















Thermal perceptions in December 
Chart 5-3 shows the comfort vote percentage at the two locations in December. 
Different with the former chart, the vote distributions of both locations are 
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concentrating on the cool side of the scale. In the Bedok block, a large portion (nearly 
60%) of subjects voted for “-2” which represented that they felt too cool and there 
were more than 10% even feeling much too cool (“-3”); almost no one got warm 
perception in this round of survey. This means that in wet season the residents tends 
to suffer from the cold in the semi-open entrance verandas of Bedok Court 
condominium, but not heat.  
 
Chart 5-3: Percentage of comfort votes in December (Source: Bay 2004) 
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Vote
% Bedok CourtJurong West
 
 
In the Jurong case, the situation was more or less similar to that of Bedok case: 
more than half of the subjects voted for cool perceptions (“-3”, “-2” and “-1”) and 
only less than 10% residents felt comfortably warm (“1”). This indicates that the 
environment in the corridors is also a little bit cooler than the residents expected. 
Comparing the performance between the semi-open spaces at the two locations, the 
corridors in Jurong case seemed to be more comfortable than the verandas in Bedok 
case because higher percentage of respondents in Jurong West block voted for thermal 
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acceptability (“-1”, “0” and “1”). It might be concluded that in terms of the 
environmental factors, the main problem causing discomfort in wet season is too 
much coldness. 
 
Preferences on the environment in both cases in December 
Chart 5-4 shows the vote distribution of preference on the environment in the two 
cases in December. The interesting is, although most of the respondents in both cases 
were feeling too cold in the survey, only a small portion of them (18.58% in the 
Bedok case and 10% in the Jurong case) would like the environment to be warmer 
(voting for “-1” on the scale). Most of the subjects in both cases preferred no change 
on their immediate environment during the survey. This indicates that coldness in 
Singapore may not be a serious problem in causing discomfort due to residents’ 
expectation to the environment in tropical regions. 
 
Chart 5-4: Preference on the environment in December (Source: Author) 
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5.1.2 Summary of the thermal comfort survey results 
Table 5-1 shows the environmental parameters of all the survey samples in average. It 
is clear that the environment in Jurong West block is warmer than Bedok Court block. 
The average air temperature in Bedok case is 2.14 Celsius degrees lower in June and 
3.36 degrees lower in December. For MRT, the difference was even more significant, 
the average value in Jurong could be more than 6 degrees higher than Bedok in 
December. For average wind speed of survey samples, during June in Bedok case it 
was almost twice that of Jurong case. During the wet season period, the average wind 
speeds at the two locations were similar. 
In terms of thermal perception, Table 5-2 summarizes the voting distribution of 
both cases in the two seasons. In June, a large portion of subjects in both cases 
(72.75% in Jurong and 69.64% in Bedok) voting within “-1” to “1” on the scale 
indicated a majority of them were comfortable. However, there were still quite a few 
subjects (25.68%) in Jurong block voting for too warm or much too warm, indicating 
that they were suffering from the heat in the corridors. At the same time, on the other 
hand, about 20% of the respondents in Bedok felt uncomfortably cool in the verandas. 
In December, the vote distribution was mainly concentrated on the cool side of the 
scale. More than half of subjects in the Bedok case (68.46%) voted for too cool (“-2”) 
or much too cool (“-3”). This illustrated that the coolness in semi-open verandas is 
leading to problems of discomfort. On the contrary, in the Jurong case, the situation is 
better, although there is about a quarter of subjects feeling cool or cold, the main part 
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of them (75.23%) are feeling comfortable. 
It is clear that the subjects had a cooler perception in the semi-open verandas in 
Bedok Court block than in Jurong West block, but it might be too cold for a certain 
proportion of residents in the wet season. 
 
Table 5-1: Summary of 4 environmental parameters in the survey (Source: Author) 
June DBT (˚C) MRT (˚C) Humidity (%) Wind speed (m/s) 
Bedok (average) 28.75 30.42  65.72  0.70  
Bedok (max) 32.98 40.21 77.70 3.00 
Bedok (min) 23.80 25.12 44.2 0.00 
HDB (average) 30.89  32.95  66.66  0.36  
HDB (max) 35.27 40.74 76.40 1.5 
HDB (min) 27.5 28.91 43.2 0.00 
Dec   
Bedok (average) 25.81  28.03  88.14  1.11  
Bedok (max) 29.50 35.39 99.9 4.6 
Bedok (min) 20.10 22.56 75.7 0.13 
HDB (average) 29.17  34.68  74.27  0.95  
HDB (max) 31.90 39.32 99.9 3.04 
HDB (min) 23.9 28.9 63.6 0.04 
 
Table 5-2: Summary of voting percentage of both cases in the two seasons (Source: Author) 
June Dec Thermal 
sensation Bedok Jurong Bedok Jurong 
-3 0.00% 0.00% 11.57% 1.62% 
-2 19.64% 1.57% 56.89% 23.15% 
-1 18.75% 9.97% 14.00% 37.27% 
0 38.39% 30.06% 16.69% 30.56% 
1 12.50% 32.72% 0.00% 7.41% 
2 7.14% 17.06% 0.85% 0.00% 
3 3.57% 8.62% 0.00% 0.00% 
 
As for other perceptions on air freshness, humidity and air flow, most of the 
subjects in both locations voted within the acceptable zone (-1 to 1). More residents in 
5. Data analysis on PMV and actual votes 
91 
Bedok voted for point 1 on perceptions of freshness and air flow indicating that the 
air is fresher and windier in the verandas of Bedok Court condo. More interesting is, 
as for humidity perception, the human response seems to be not directly related to the 
humidity it self (please refer to Appendix F). 
 
5.2 Comparison in the verandas of the Bedok case 
5.2.1 Comparison in the dry season 
According to these 116 samples of Bedok Court Condominium block 295, chart 5-5 
was generated to show the similarities and differences between PMV and actual votes. 
In this chart, Y axis represents thermal sensation (using Bedford 7 scales), while 
X axis represents the sample number. There are two types of dots for each sample. 
The rectangular dots represent the actual votes, and the triangular ones indicate the 
predicted mean votes, based on the environmental data of each sample. 
 
Chart 5-5: The Comparison between PMV and actual vote in Bedok Court in June  
(Source: Author) 
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It is quite clear that there are significant differences between PMV and Actual 
votes. Almost all PMV values range between “-1” to “1” on the Y-axis, which means 
that nearly all respondents in the survey were predicted to be comfortable; While the 
profile of actual vote illuminates that although a majority of subjects felt neutral and 
comfortably warm or cool, there are some respondents voting “2” (too warm) or even 
“3” (much too warm) under certain environmental conditions, and quite a few felt too 
cool in the survey. 
In order to compare the actual mean neutral temperature in which the subjects 
have neutral sensation on the thermal condition, to the predicted mean neutral 
temperature, linear regression was applied between the votes using the Bedford scale 
against the dry bulb temperature (DBT). 
 
Chart 5-6: PMV & Actual comfort vote in Bedok June against DBT (Source: Author) 
PMV & Actual vote against DBT in Bedok Jun
PMV
y = 0.0727x - 2.4351
R2 = 0.0478
Actual Vote
















PMV Actual Vote Linear (PMV) Linear (Actual Vote)  
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In the above charts, the dots of actual votes are more scattered than those PMV 
dots. A majority of actual vote values vary within “-1” to “1” when DBT ranges 
between 27 to 31 ˚C. This indicates that a majority of subjects felt comfortable within 
this DBT range. There are several residents feeling “-2” (too cool) when the DBT 
ranges from 23 to 31 ˚C. Some residents felt too warm and much too warm when 
DBT ranges from 28 to 33 ˚C. The intersection of the regression line and X-axis 
indicates that the neutral temperature obtained is 29.3 ˚C. 
In terms of PMV, the indoor thermal comfort theory predicts that nearly all the 
people will feel comfortable (within “-1” and “1” on Y-axis) for all the collected DBT 
conditions. A majority of dots are located within the range of 27 to 31 ˚C on the 
X-axis, which is similar to the comfort range of actual survey results. But when DBT 
is as high as more than 31 ˚C, the PMV are in the range of comfortably cool. This 
differs from the actual survey vote, where responses are in the warm range. 
From the chart we can see a similarity of patterns in the range of 27 to 31 ˚C, 
which is the most common temperature range in Singapore. Beyond this range, the 
results of the predicting tool differ dramatically from actual survey responses. This 
can be due to incidents of strong wind conditions and solar-radiation affecting some 
respondents in the sample, which can explain the mark variants. 
In December 2003, the wet season, the same processes were conducted in this 
case. Due to the dominant overcast weather, low air temperature and low solar 
radiation, the semi-outdoor environment was assumed to be even closer to the indoor 
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climate. However, the thermal sensations in the verandas were still quite different. 
 
5.2.2 Comparison in the wet season 
A total of 113 survey samples were collected in Bedok Court condominium in 
December, the comparison between PMV and actual vote is shown in Chart 5-7. 
In Chart 5-7, the profile of triangular PMV dots illustrates that a majority of the 
respondents were predicted to be comfortably cool (between “0” and “-1” on Y-axis). 
In terms of the actual votes, it is quite clear that nearly all the respondents voted in the 
cool side of the scale (“-1”, “-2” or “-3”) except only a single sample felt too warm 
(“2”). Some, but not majority of the subjects felt comfortable or comfortably cool in 
wet season. Most subjects feeling too cool (“-2”) indicates that the environment in the 
semi-open verandas of the Bedok case was uncomfortable due to too much coolness. 
 
Chart 5-7: The Comparison between PMV and actual vote in Bedok Court in December  
(Source: Author)  
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Chart 5-8: PMV & Actual comfort vote in Bedok Dec against DBT (Source: Author) 
PMV and acutual vote against DBT in Bedok Dec
PMV
y = 0.1486x - 4.0085
R2 = 0.4177
Actual vote
















PMV Actual vote Linear (PMV) Linear (Actual vote)
 
 
Similarly, let us look at the relationship between DBT and their corresponding 
actual votes and PMV. In December, when the DBT is always lower than 30 ˚C 
during the survey process, it is found that the differences between actual vote and 
PMV are more significant than that in the dry season. 
In Chart 5-8, with regards to the actual votes, most respondents felt too cool (“-2”) 
when DBT ranged from 23.3 to 28.2 ˚C. Within the same DBT range, there were also 
a few respondents feeling much too cool (“-3”). Some residents felt comfortable or 
comfortably cool at the DBT range of 24 to 29 ˚C. Only a single resident felt too 
warm (2) at 27.8 ˚C, this may be due to peculiar thermal perception of this particular 
individual.  
In terms of PMV, the majority of the values on Y-axis still range between “-1” and 
“1”, except one dot whose Y-axis value is slightly lower than “-1” when DBT is 
5. Data analysis on PMV and actual votes 
96 
23.9˚C. This is different from the actual votes, where most of the dots in this range 
are located in cool zone (“-2”). More interesting is, even when DBT is as low as 23 – 
26 ˚C, which in real case the respondents were all feeling much too cool, the model 
still predicted them to be in comfort zone. 
Obviously, there is no overlapping part between actual vote and PMV. Within the 
temperature range of 23 to 30 ˚C, the average thermal comfort vote value was -2.0, 
which is significantly different from the average PMV value, -0.17. This shows that 
most of the respondents felt much cooler than the PMV predicted. When DBT ranges 
between 24 and 28 degrees, a majority of the respondents voted for values which 
were about 2 degrees lower than the PMV. For the regression line, the line of actual 
votes is almost parallel to that of PMV, with different intercepts on Y-axis (the gap 
between them is about 2 degrees). In terms of the intersection on X-axis, the PMV 
line indicates that the mean neutral DBT for thermal comfort is 27 ˚C, which is 
similar to that predicted in dry season; however, the actual vote regression line does 
not intersect with X-axis when DBT is below 30 ˚C, this indicates that the 
respondents preferred temperatures of more than 30 ˚C in their semi-open spaces in 
December. 
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5.3 Comparison in the corridors of the Jurong case 
5.3.1 Comparison in the dry season 
A total number of 102 samples in Jurong West block 510 were collected in June 2003. 
There is also a good mix of people of different gender, age groups and race in the 
survey, which provide the credibility and reliability of the survey results. Chart 5-9 is 
generated to show the similarities and differences between PMV and actual vote. 
Chart 5-9 shows that in the Jurong case, the discrepancy between PMV and actual 
vote is very obvious. The triangular PMV dots are still clustered between “-1” and “1” 
on the Y-axis, while most of the actual votes jump from “-2” to “3” irregularly. Many 
respondents were feeling too warm (“2”) in the survey, and there are quite a few 
samples even feeling extremely warm (“3”). Only few respondents voted on the cool 
zone of the scale in HDB, as showing in this chart. 
 
Chart 5-9: The Comparison between PMV and actual votes in Jurong west in June  
(Source: Author) 
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Linear regression was applied to the data of the survey in Jurong block. Similarly, 
significant differences were shown between PMV and actual votes. As seen in Chart 
5-10, for actual votes, when DBT is ranging from 27 to 31 ˚C, a majority of the 
respondents voted in the comfort zone (-1, 0 or 1); when DBT goes beyond 31 ˚C, 
most of the vote values rise to “2” or even “3”. Among those who were feeling 
uncomfortable, only two of them expressed that it was due to too much coolness, the 
others all expressed the heat was more a problem. Most of the respondents who were 
feeling warm expressed that little wind and strong solar radiation cast in the corridor 
made them unhappy. The linear regression line shows that the neutral temperature 
obtained is 29.1 ˚C and the comfort range is 27 to 31˚C. This temperature and comfort 
range can serve as a guide in the design of the semi-outdoor spaces inside Jurong 
West area that the ambient air temperature should not be more than 31 ˚C.  
 
Chart 5-10: PMV & Actual comfort vote in Jurong June against DBT (Source: Author) 
PMV & Actual vote against DBT in Jurong West Jun
PMV
y = 0.0626x - 2.002
R2 = 0.1211
Actual vote
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For PMV, again, the dots are clustered between “-1” and “1” on the Y-axis, no 
matter what the corresponding dry bulb temperature is. Even when DBT is more than 
33 ˚C, the thermal comfort model still predicts the votes to be comfortably warm 
(between “0” and “1”), differing with the vote in the real survey in which respondents 
experienced as too warm or much too warm. There is no obvious overlapping part 
between the profile of actual votes and PMV. For the regression line, the neutral 
temperature indicated by PMV is 31 ˚C, which is about 2 degrees higher than the 
actual neutral temperature. This indicates that most of the respondents perceived 
warmer in the real survey than the model predicted. 
 
5.3.2 Comparison in the wet season 
There were totally 120 samples collected in Jurong West block 510 in December. 
Chart 5-11 shows the relationship between PMV and actual votes. 
 
Chart 5-11: PMV and actual vote in Jurong in December (Source: Author) 
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As shown in the above Chart, there is still significant difference between PMV 
and actual votes. The profile of PMV values on Y axis is still varying within the range 
of “-1” to “1”. On the other hand, a majority of the actual votes are located at the 
bottom part of the chart, which means most of the residents voted on the cool side of 
the scale. For quite a few particular samples, the gap between PMV and actual vote 
can even be as big as more than 2 points. 
 
Chart 5-12: Actual comfort vote in HDB December against DBT (Source: Author) 
PMV and actual votes against DBT in Jurong West Dec
PMV
y = 0.1576x - 4.3302
R2 = 0.2883
Actual vote
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As seen in Chart 5-12, when DBT ranges from 27 to 31 degrees, in the actual 
survey the majority of respondents voted for “-1” and “-2”. Among all the 
respondents, the average actual vote value is -1.35. We can also find that a dominant 
percentage of them tended to vote on the cool side of the scale. No one felt 
uncomfortably warm in this round of survey. This means that in this season the main 
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problem causing thermal discomfort in the corridors is too much coolness. The linear 
regression line of actual votes shows that the neutral temperature is around 32 ˚C. 
For PMV, the predicted values still range between “-1” and “1” on Y-axis, 
regardless of the DBT range. The average PMV value is 0.27, which is more than 1.5 
points greater than the average actual vote value. The linear regression of PMV shows 
that the neutral temperature is 27 degrees, which is obviously different from the 
neutral temperature obtained from actual survey results. It seems that the model did 
not work well at all at any DBT range in this round of survey. 
 
5.4 Summary of comparison between PMV and the actual 
votes  
5.4.1 Summary of comparison in the Bedok case 
In the verandas of Bedok Court condominium, which are overall shaded and appears 
more like an interior space rather than exterior space, the model predicted well within 
the DBT range of 27 to 31 ˚C during dry-hot month of June. When the temperature 
was beyond this range, the actual survey results differed dramatically with PMV. 
More interesting is, during the survey, quite a few respondents were actually feeling 
cool at the air temperature even above 30 ˚C when the model predicted that they 
should be comfortably warm. Through the observation and conversation with the 
residents, we noticed that this cool feeling at high temperatures was mainly due to the 
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strong wind effect. 
In wet season, the difference between the survey results and PMV was more 
obvious than the dry season. The thermal comfort model for naturally ventilated 
indoor spaces is not applicable to the semi-outdoor veranda at all in this season. The 
interesting thing is, during this period, the main cause leading to discomfort in the 
semi-open space was not heat, but cold. 
Comparing the applicable range of the PMV model in each season, we can find 
that they are quite different. In June the PMV model predicted well at the DBT range 
of 27-31 ˚C, in which most respondents felt comfortable. While in December, most of 
the time they were feeling too cold, although sometimes the DBT can even reach as 
high as 30˚C. There is no obvious applicable range for the PMV model. From the 
conversation with the respondents we realized that this is mainly due to the strong 
wind and the overwhelming rain during December. 
 
5.4.2 Summary of comparison in the Jurong case 
In the corridors of Jurong West block, during the dry-hot period, the PMV model also 
works well within a certain DBT range. When the air temperature ranged within 27 to 
31 ˚C, both PMV and actual votes indicated that the respondents were comfortable. 
On the other hand, when the ambient air temperature went beyond 31 ˚C, a majority 
of the respondents felt uncomfortably warm while the PMV model predicted them to 
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be comfortable. This means that the respondents perceived the environment to be 
warmer than the model predicted, simultaneously indicates that the PMV model did 
not work very well in the corridors at this DBT range. This is due to the strong 
intensity of solar radiation casting on the corridor and lack of wind, making the 
environment very complicated comparing to indoor climate, so that it is hard to 
predict.  
In December, the actual votes and PMV in Jurong West block were widely 
divergent. Most of the respondents had cooler perceptions than the PMV model 
predicted. This shows that the lower limit of thermal comfort range of the residents in 
semi-open space rises in December. 
The applicable ranges of the latest indoor predicting model of these two seasons 
are quite different. In June the model works well when DBT ranges from 27 to 31 ˚C, 
which is the same as the applicable range obtained in Bedok case in June. While in 
December, high percentage of the PMV values were significantly greater than the 
actual vote values. There is no obvious applicable range for the model. Residents 
mentioned that the rain along with the strong wind during this season reduced their 
thermal perceptions. 
 
5.4.3 The applicable range of the latest predicting model 
From above, the comparison results showed to what extent the latest indoor thermal 
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predicting model could be workable in the high-rise semi-open space. It could be 
summarized by several points as bellows: 
 
1. During the hot season, in which the main cause of discomfort is heat, in both 
cases the latest model could be applied to semi-open space with the DBT ranging 
only from 27 to 31 Celsius degrees, which is the comfort range indicated by both 
the PMV model and actual votes.  
 
2. On the other hand, during the wet season, it is interesting that the main cause of 
discomfort was too much cold. The PMV model can not be applicable at all in 
both house projects. Quite a few actual vote values could be even 2 or 3 points 
lower than what the model predicts. Most residents would prefer a warmer 
environment even the ambient air temperature in their entrance semi-open spaces 
is above 30 ˚C.  
 
3. Wind and solar radiation play important roles in determining thermal comfort in 
semi-open spaces. Although there could be various factors causing the difference 
between PMV and actual votes, in this survey, the data reflects the change only in 
solar radiation and wind since other factors as following have been isolated:  
a) Clothing. In tropical region like Singapore, residents always wear typical 
tropical shorts when they are both inside and outside. Therefore the clothing 
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does not contribute much to the difference between PMV and actual votes.  
b) Treating the semi-open space as a transient space to have different 
expectation. All the respondents were asked to relax for 10 to 15 minutes in 
the semi-open space before they voted for the comfort level, thus they would 
not treat the verandas or corridors as transient outdoor spaces.  
c) Activity level. Since the respondents were totally relaxed during the survey, it 
could be assumed that they had similar metabolic rates with the indoors when 
voting.  
Above all, the most important factors should be environmental factors. In fact, 
through the interview and observation, wind and solar radiation were the most 
dominant factors. 
In June, a lot of respondents in Jurong case felt uncomfortably warm when 
DBT is lower than 27 ˚C. They mentioned that the strong solar radiation on the 
corridors increased their thermal sensation, making them feel hot at low 
temperatures. On the other hand, when the temperature is higher than 31 ˚C, quite 
a few subjects in Bedok case still felt too cool or cold. This is because the 
presence of strong winds in the overall shaded verandas reduces their heat stress.  
In December, most of the respondents in both cases felt too cool in the 
semi-open spaces, even when the temperature sometimes reaches above 30 ˚C. 
This is mainly because there was little solar radiate heat cast in the semi-open 
spaces due to the overcastting weather. Moreover, the wind speed is much higher 
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in December. This also reduced the thermal sensations of the respondents in both 
cases to a great extent.  
 
5.5 Limitations of the survey 
It must be mentioned that we have certain limitations in this case study. This survey 
result only represents human responses under their particular metabolic and clothing 
situation against semi-outdoor climate. During the interviews, the respondents were 
all standing or sitting in their semi-open entrance spaces, therefore their metabolic 
rate were almost fixed. In addition, what they wear during the survey were very 
similar in terms of the insulation. Therefore in the data analysis, we just eliminated 
the effect of cloth insulation, assuming that the clothing value of each sample is the 
same. It would be good to specify the details of what they wear in the survey.  
In addition, since the main objective of this survey is to compare the actual 
thermal sensations in semi-open entrance places with the predictions, surveyors did 
not collect the actual thermal perceptions of the indoor residents. If further research 
could obtain enough data of both indoor and semi-outdoor thermal votes, by 
comparing them the factor influencing the thermal sensation of the people in these 
two places would be clearer. Then further on issues on how to improve or modify the 
indoor model for the semi-outdoor spaces could be elaborated. This article will not 
discuss any further in this direction. 





CHAPTER 6. SOLAR AND WIND EFFECTS ON 
THERMAL COMFORT IN SEMI-OPEN SPACES 
Investigating the wind and solar effect on thermal sensations in semi-open spaces, finding out 
the most desirable wind speed and solar radiation range 
 
 
Last chapter we pointed out that the indoor thermal comfort model does not work 
well in predicting the human thermal perception in the semi-open space. And it is 
observed that the wind speed and solar radiation contribute a lot to the thermal 
comfort. In this case, another round of survey was designed to explore how these two 
factors could influence the thermal sensation in semi-open entrance spaces. 
 
6.1 Outdoor thermal comfort research background 
6.1.1 Complexity of outdoor thermal comfort research 
Many former researchers have pointed out how complicated and different outdoor 
thermal comfort prediction is, compared to that of indoors. The indoor model predicts 
the thermal sensation as a function of activity, clothing and the four classical thermal 
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environmental parameters, which could all be steady in the room. As for outdoor 
thermal comfort, all these factors fluctuate. In addition, there are more variants 
influencing outdoor thermal sensation. 
From the human point of view, people will have different expectations of the 
environment, different psychological patterns and metabolic rates in the semi-open 
space. People may feel comfortable if they think their environment provides comfort. 
For instance, a person may feel cooler in the semi-open entrance porch than in the 
kitchen because the shaded outdoor space is perceived as cooler even if the interior 
space may actually be more comfortable than the exterior one. On the other hand, 
from the environmental point of view, the main aspects that differentiate indoor and 
outdoor climate are air movement and solar radiation, of which the latter is seldom 
considered in the indoor models.  
 
6.1.2 Highlighting wind and solar effects on outdoor thermal sensations 
Both psychological patterns and physical factors contribute to thermal perception in a 
semi-open space, but since psychological factors are not measurable, comfort must be 
measured by physical factors. In this case, this research would like to only highlight 
the physical factors: wind and solar radiation for further discussion. This is because 
there is little difference in the temperature and humidity of a naturally ventilated 
interior space and an immediately attached semi-open entrance veranda or corridor. 
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Thus the only differences between outdoor and indoor environment are in the solar 
radiation and in wind speed.  
The effect of air movement on outdoor thermal comfort had received great 
attention; however most of the researches on air movement were performed in climate 
chambers without referring to the real outdoor climate. Moreover, the effect of solar 
radiation was even seldom discussed. Recently some former researchers have 
conducted some researches in this field. Givoni (2000) in his recent research had 
indicated the importance of solar radiation and wind speed in outdoor thermal 
comfort, and by conducting a small survey under controlled solar radiation and wind 
speed, he concluded an equation which relates air temperature, solar radiation and 
wind speed to thermal sensation:  
 
“TS=1.2+0.1115*Ta+0.0019SR-0.3185*WS” 19 
TS represents Thermal Sensation 
Ta represents Air Temperature 
SR represents Solar Radiation (Wm-2) 
WS represents Wind Speed (ms-1) 
 
The above description shows that solar radiation and wind speed could affect the 
thermal sensation, although with different effects: a change of 59 W/m2 (Watts per 
square metres) in solar radiation, and a change of 0.35 m/s (Metres per second) in 
                                            
19 Please refer to: Givoni, Baruch. & Mikiko Noguchi. 2000. Issues in outdoor comfort research. In 
Proceedings of PLEA 2000, Cambridge, UK.  
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wind speed have similar effect to a change of 1 ˚C in air temperature in thermal 
sensation. However, Givoni also highlighted the serious limitation of this research, 
which is, because the number of human subjects (only six individuals) and testing 
days were very small, the result should be considered only as very rough 
approximations, so a more comprehensive and representative research needs to be 
carried out. 
In Chapter 5 we have also discussed that wind and solar radiation will have 
significant effects on thermal perception in semi-open spaces when DBT goes beyond 
a certain range. The following will touch on how these two factors influence the 
semi-outdoor thermal sensation, the most optimal range of wind speed and solar 
radiation, so that we can make some suggestions to future design of high-rise 
residential semi-open spaces.  
 
6.2 Analysis of the weather data obtained  
As introduced in Chapter 4, three sets of equipments recorded the environmental data 
(besides the four fundamental parameters, intensity of solar radiation was also 
recorded) at three locations (naturally ventilated interior, veranda and corridor) 
continuously for one whole week to get an average result of environmental conditions 
during the daytime. The following will compare the environmental conditions of these 
three locations. 
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6.2.1 Similarities of the indoor and outdoor climate 
Dry Bulb Temperature 
Chart 6-1 shows the profile of measuring results of dry bulb temperature at the three 
locations during daytime.  
 
Chart 6-1: Comparison of DBT at the three locations (Source: Author) 



































It is observed that the three lines in the above chart are very close to each other. 
Most of the time the gap between each line is within 1 ˚C. In the afternoon, which is 
the hottest period during a whole day, the biggest gap is only about 1.4 ˚C. It could be 
concluded that there is no significant difference in DBT at the three locations, since 
the distance between each of the measuring points is quite short (only about 2 
metres).  
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Relative Humidity 
For relative humidity (as Chart 6-2 shows), it can also be seen that there is little 
difference between interior and exterior. From 8:00 to 14:30, the three lines almost 
overlapped on one another. In the afternoon, there appears to be some subtle 
differences, the RH in the veranda is highest, but the gap from the other two is only 
within 10%. This is probably due to the flush plants in the veranda moisturizing the 
micro-environment. After 19:00, the RH of interior space drop down and then rise up 
quickly while the RH in the veranda and corridor remain comparatively steady. This 
is mainly because the residents have come back from work and turn on the fan or 
air-condition at that time.  
 
Chart 6-2: Comparison of Humidity at the three locations (Source: Author) 




































Therefore, statistically it is reasonable to assume that the air temperature, relative 
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humidity at the three locations are similar and should have similar effect on thermal 
comfort of the residents. Wind and solar radiation are hence the main factors to 
differentiate indoor and semi-outdoor thermal sensations. 
 
6.2.2 Different Solar radiation and wind speed in veranda and corridor 
It is tested that solar radiation and wind speed are the main differences between 
indoor and outdoor climate, moreover, the measured results show that in the verandas 
and corridors these two parameters can actually be quite different. 
 
Solar radiation 
In terms of solar radiation (Chart 6-3), it is clear that in the veranda the intensity is 
always very low, never exceeding 40 W/m2 (Watts per square metre), since the 
veranda is totally shaded. On the other hand, in the corridor, which is much closer to 
the outside, the solar radiation can reach nearly 700 W/m2 at noon time. However, this 
only happens over a very short period; most of the time, the solar intensity in the 
corridor will be very close to the figure in the veranda. This is probably due to the 
north orientation of the corridor and the sun track in June in Singapore. 
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Chart 6-3: Comparison of solar radiation in veranda and corridor (Source: Author) 













































For air velocity, as Chart 6-4 shows, the wind is always breezier in the corridor than 
in the veranda. The wind speed in the veranda is on the average below 0.6 m/s while 
in the corridor most of time air velocity is beyond 1 m/s and sometimes can reach as 
high as 1.5 m/s. This is probably due to the fact that the corridor is nearer to the 
outdoors, and so the wind could come in without any obstructions and disturbance, 
while the veranda is always furnished with some furniture and plants impeding the 
wind to a certain extent. 
According to the above measurement results, it is observed that the corridor has 
more solar radiation and higher wind speed, when compared to the veranda (Table 
6-1).  
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Chart 6-4: Comparison of wind speed in veranda and corridor (Source: Author) 










































Table 6-1: Solar and wind character of corridor and veranda in Bedok  
(Source: Author) 














As we all know, the solar radiation has an opposite effect to wind on thermal 
perception, whereby the former increases the warm thermal sensation while the latter 
always has a cooling effect. In this case, it will be very interesting to test the thermal 
comfort responses both in veranda and corridor. We could compare the thermal 
perception in a place with high solar radiation and high wind speed and a place with 
both low, to see to what extent could these two factors influence human thermal 
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perception in the semi-open spaces. In order to explore this, a thermal comfort survey 
was conducted in June 2004.  
 
6.3 Analysis of survey results 
6.3.1 Thermal comfort votes in the verandas and corridors 
A total number of 90 samples were collected in this round of survey. As introduced in 
Chapter 4, each sample had two thermal comfort votes, one in the veranda, and the 
other in the corridor. As Chart 6-5 shows, it is clear that there are significant 
differences between the votes in the verandas and the votes in the corridors. A 
majority of thermal comfort vote values in the corridors (60%) are higher, 31.11% are 
equal and only 8.89% are lower than those in the verandas (Chart 6-6).  
 
Chart 6-5: Thermal comfort votes at the two locations (Source: Author) 
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Chart 6-6: Comparison of thermal vote values at the two locations (Source: Author) 









From Chart 6-7 it can be observed that the two regression lines are obviously 
different. The average vote value in the corridors is 0.56 while in veranda the mean 
value turns out to be -0.78. Moreover, as the regression line shows, the neutral 
temperature in the corridors is about 2 Celsius degrees lower than that in the verandas, 
which indicates that the environment in the corridors is so harsh that people would 
prefer a lower temperature to be comfortable. This could also be demonstrated by the 
situation of preference on thermal environment at the two locations, 57.78% of the 
respondents prefer it to be cooler in the corridors, while only 32.2% of them prefer it 
to be cooler in the verandas (Chart 6-8).  
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Chart 6-7: Thermal comfort vote against DBT at the two locations (Source: Author) 
Thermal vote against DBT in veranda and corridor
Veranda
y = 0.8214x - 26.763
R2 = 0.144
Corridor
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Chart 6-8: Preference on thermal environment at the two locations (Source: Author) 















Above all, the comparison results show that although the DBT and humidity are 
similar, the respondents still have different thermal perceptions in the verandas and 
corridors. People in the corridors tend to have a warmer perception. This could be due 
to either the stronger solar radiant heat or low wind speed in the corridors, later how 
these factors influence human thermal perceptions will be discussed later on. 
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6.3.2 Effects of solar radiation 
6.3.2.1 Different intensity of solar radiation at the two locations in the survey 
The reason for why most of people are feeling warmer in the corridors lies in the 
intensity of solar radiation and wind speed during surveying. In Chart 6-9, the Y-axis 
value of the dots represents the corresponding intensity of solar radiation. It can be 
observed that most values of the solar radiation in the corridors (91.11%) are 
dramatically higher than that in the verandas during the survey period. The average 
solar radiant intensity of all the samples in the corridors is 438 W/m2, while in the 
verandas this value was only 36 W/m2.  
 
Chart 6-9: intensity of solar radiation at the two locations in the survey  
(Source: Author) 
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6.3.2.2 The different solar radiation and the corresponding thermal comfort votes  
Since there are tremendous differences between the intensities of solar radiation at the 
two locations, it is easy to explore that the high solar radiation in the corridors 
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contributes much to warmer thermal sensations., there are 63.41% of respondents 
feeling warmer in the corridors, 26.83% voting the same value and 9.76% having a 
cooler feeling, when the solar intensity in corridor is higher than in the veranda (Chart 
6-10). Therefore, obviously most of the respondents react to solar radiation sensitively, 
and higher solar radiation could directly result in warmer thermal perception. 
 
Chart 6-10: Actual human responses to higher solar radiation in the corridors (Source: Author) 









6.3.2.3 Preferences on solar radiation at the two locations 
In terms of the preference on the solar effect, it is observed that the people in the 
corridors will have an exigent demand of more shade. As shown in Chart 6-11, almost 
all (96.7%) of the respondents in the verandas prefer no change in solar radiation, 
meaning that nearly one hundred percent of the residents feel comfortable with the 
solar environment in the verandas. While in the corridors, only 38.7% of them prefer 
6. Solar and wind effects on thermal comfort in semi-open spaces 
121 
no change, and there is a sudden jump in the percentage of respondents preferring 
more shade (61.3% comparing to 2.2%). It can be concluded that the solar radiation in 
the corridors is quite harsh, making more than half of the respondents uncomfortably 
hot. 
 
Chart 6-11: Preference on solar radiation at the two locations (Source: Author) 











Above all, this comparison indicates that people are quite sensitive to the different 
intensities of solar radiation in the verandas and corridors. More than half of the 
respondents perceive it to be warmer in the higher-solar-cast corridors. However, this 
obvious effect might be due to the significant gap between the intensity of solar 
radiation at the two locations (480 W/m2 Vs 36 W/m2). The later discussion will show 
how air movement contributes to human thermal comfort sensations. 
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6.3.3 Effects of air movement 
6.3.3.1 Different wind speeds at the two locations in the survey 
In terms of air movement at the two locations, there is no such tremendous gap as that 
in solar radiation between them (Chart 6-12). 60% of the survey samples in the 
corridors are experiencing breezier winds compared to that in the verandas. It must be 
mentioned that the difference of air velocities at the two locations is quite subtle. The 
average wind speed of all the samples in the corridors is 1.31 m/s, quite close to the 
average value, 1.19m/s in the verandas. 
 
Chart 6-12: Wind speed at the two locations in the survey (Source: Author) 













6.3.3.2 The different air velocities and the corresponding different thermal 
comfort votes 
Since air movement always has a cooling effect, the breezier winds in the corridor 
should have helped to reduce the warm sensation of respondents. However the actual 
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situation is almost reverse, among those samples that experience higher winds in the 
corridors, only 14.81% of them have a cooler perception, 29.63% remain unchanged, 
and 55.56% of them even have a warmer sensation (Chart 6-13). That is to say, 
probably because there are only minor differences in the wind speeds at the two 
locations, the cooling effect of the breezier wind in the corridors cannot counteract the 
heating effect of strong solar radiation; therefore there are still more than half of 
respondents in conditions of breezier winds feeling warmer due to the radiant heat. In 
this respect, the stronger solar radiation in the corridors seems to be more effective in 
determining thermal sensation in semi-open space. 
 
Chart 6-13: Actual human responses to higher wind speed in the corridors  
(Source: Author) 








6.3.3.3 Preferences on air movement at the two locations 
For the preference on air movement, it appears that people have similar demands in 
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either the verandas or the corridors (Chart 6-14). The percentage of the respondents 
preferring more air movement in the corridors (42.22%) is just slightly higher than 
that in the verandas (36.67%), although the average wind speed in the corridors is 
relatively higher. The rest prefer no change in air movement; nobody would like to 
reduce the wind speed. Above all, the results indicate that the majority of the 
respondents are satisfied with the air movement in both verandas and corridors, but 
the wind speed is not optimal yet since quite a few samples prefer extra air flow. 
Moreover, there seems to be no significant extra demand on wind for the respondents 
standing in the corridors who were feeling warmer. 
 
Chart 6-14: Preference on air movement at the two locations (Source: Author) 













From the above description, it seems that the wind does not affect thermal 
sensation much, since more than half of the respondents still perceive it to be warmer 
when they are experiencing breezier wind in the corridors. This is probably due to the 
minor differences in the wind speeds and tremendous differences in the solar intensity 
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at the two locations (the cooling effect of the breezier wind in the corridors cannot 
counteract the overwhelming heating effect of strong solar radiation). Next we will 
discuss the combination of the effects of solar radiation and wind. 
 
6.3.4 The combined effects of solar radiation and wind  
In this round of survey, among all survey samples, the Dry Bulb Temperature range is 
from 30 to 33 Celsius degrees, Relative Humidity is within 65 to 75 percent. We 
assume that the range of these two parameters is narrow enough that it will not lead to 
different thermal sensations, so that it is easier to explore the pure effect by wind and 
solar radiation on thermal perception in the semi-open spaces. 
 
6.3.4.1 Solar and wind effects in the verandas 
Table 6-2 shows the linear relationship between the air temperature and thermal 
sensation vote and the corresponding neutral temperature, at different range of air 
velocity when the respondents are in the verandas. It is found that the wind in the 
verandas has a significant impact on thermal sensation, that is, the higher the air 
velocity, the higher the neutral temperature. This also implies that the intensity of 
solar radiation in the verandas is too low (always below 100 W/m2) to have a 
significant effect on human perception.  
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Table 6-2: Survey vote equations and neutral temperatures in the verandas  
(Source: Author) 






v<0.2 y=1.5042x-47.125 31.3289 
0.2=<v<0.5 y=0.5344x-16.633 31.5246 
0.5=<v<1 y=1.0868x-35.428 32.21 
1=<v<2 y=0.2318x-7.7932 33.622 
2=<v<4 y=0.319x-11.243 35.244 
v>4 y=0.3571x-13.161 36.85 
 
Chart 6-15: Effect of wind and solar radiation in the verandas (Source: Author) 



















SR<50 0.8 0.64 -1.25 -1.4 -1.83 -2 -2.5
50<SR<100 1 1 0.5 -1.2 -2 -2 -2.25
v<0.2 0.2<v<0.5 0.5<v<1 1<v<2 2<v<3 3<v<4 4<v
 
 
Chart 6-15 shows that how average thermal vote changes according to the 
different wind speed and solar radiation range. The intensity of solar radiation in the 
verandas are always less than 100 Wm-2 (actually most of the figures are below 50 
W/m2). We can find that when SR is less than 50 W/m2, the respondents do not feel 
much thermal difference when the air velocity ranges below 0.5 m/s. However, when 
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wind speed ranges between 0.5 and 1 m/s, the average thermal vote will suddenly 
drop by 1.89 degrees. After that, the increasing of air velocity seems to have very 
little effect. This indicates that when SR is below 50 W/m2, the cooling effect of wind 
will be most efficient when it ranges from less than 0.5 m/s to 0.5 ~ 1 m/s.  
When SR ranges between 50 and 100 W/m2, the sudden drop of average thermal 
sensation (drop down by two degrees) appears when the wind range changes from 0.5 
~ 1 m/s to 1 ~ 2 m/s, which means within this range the cooling effect of wind is most 
effective. Comparing to the former effective range, we can find when solar radiation 
is higher, breezier wind is required to counteract the heating effect. 
In another perspective, when the air velocity ranges below 0.5 m/s, the two lines 
are quite close, indicating that at this wind speed range, people have no significant 
response to the solar radiation. However, at the wind speed range of 0.5 ~ 1 m/s, if 
solar radiation decreases from 50 ~ 100 W/m2 to less than 50 W/m2, the respondents 
will immediately perceive much cooler sensation (average thermal vote drop down by 
1.75 degrees). After that when wind speed goes beyond this range, the two lines come 
close again. This indicates that at wind speed range 0.5 ~ 1 m/s, a reduction of solar 
radiation from 100 to 50 W/m2 will cool residents effectively in semi-open spaces. 
Another interesting point we can observe in this chart is that when wind speed is 
less than 2 m/s, the respondents on the average feel comfortable; but when wind 
speed goes beyond 2 m/s, residents will feel uncomfortably cool or cold in the 
verandas. This means that under the environmental condition of the veranda, the wind 
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above 2 m/s might not be advocated, although feeling cool is a good thing for the 
tropical environment where heat is more a problem.  
 
6.3.4.2 Solar and wind effects in the corridors 
When the residents come out to the corridors, the relation between thermal vote and 
DBT becomes complicated at different wind speed ranges. When increasing the wind 
speed, the neutral temperature keeps changing irregularly (table 6-3). This is mainly 
because the intensity of solar radiation in the corridors is strong enough to have 
certain impacts on human thermal perceptions. Accordingly, we divided that into 3 
sub-zones20 (Chart 6-16), to see at each zone how average thermal vote value 
changes according to the wind speed. 
 
Table 6-3: Survey vote equations and neutral temperatures in the corridors (Source: Author) 
Range of wind speed (v) Thermal vote Equation Neutral Temperature 
v<0.2 y=-0.7071x+25.46 35.92 
0.2=<v<0.5 y=-0.9471x+31.275 31.733 
0.5=<v<1 y=-0.9303x+30.547 32.835 
1=<v<2 y=0.4775x-14.512 30.39 
2=<v<4 y=0.3121x-11.182 35.82 
v>4 No relationship NA 
 
                                            
20 Since most of the samples in the corridors were experiencing strong solar radiation (more than 400 
W/sqm), those experiencing low solar radiation (below 400 W/sqm) will not be discussed as we have 
not enough samples in this range to get a statistically correct value.  
6. Solar and wind effects on thermal comfort in semi-open spaces 
129 
First of all we can observe that when SR goes beyond 700 W/m2, no matter how 
breezy the air movement is, respondents will always feel uncomfortably hot. This 
demonstrates that beyond this range solar radiation becomes dominant in determining 
human thermal perception; in this situation increasing air movement does not work 
much in cooling people. 
 
Chart 6-16: Effect of wind and solar effect in the corridors (Source: Author) 



















400=<SR<600 2.5 2.2 1.3 0.29 -1.22 -1.66 -2.23
600=<SR<700 2 2.17 1.5 0.75 -1.66 -2 -2.15
SR>=700 3 3 2.7 2.79 2.83 2.64 2.5
v<0.2 0.2<v<0.5 0.5<v<1 1<v<2 2<v<3 3<v<4 4<v
 
 
When the intensity of SR comes below 700 W/m2, breezier wind can always lead 
to a cooler sensation. Moreover, if the surrounding air velocity can reach 3 m/s or 
above, people will even on the average vote for cool or cold. On the other hand, when 
air velocity is less than 0.5 m/s, the average vote value will always be warm or hot. It 
can be seen that 1 m/s to 2 m/s is the most desirable wind speed range for the people 
who are exposed to the SR ranging from 400 to 700 W/m2. 
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6.3.5 Summary of solar and wind effects on semi-outdoor thermal comfort 
Above all, we can conclude several points as follows: 
 
1. Wind can always lead to a cooler feeling for people in semi-open spaces when the 
intensity of solar radiation is no more than 700 W/m2. However, if SR goes 
beyond 700 W/m2, the air movement seems to lose its effectiveness in cooling 
people, people will always feel hot.  
2. When the intensity of solar radiation is less than 100 W/m2, people will feel 
comfortable when wind speed ranges from 0 to 2 m/s. If air velocity goes beyond 
2 m/s, people will feel uncomfortably cold.  
3. When SR is less than 50 W/m2, an increase in the wind speed from below 0.5 
m/s to 0.5 ~ 1m/s will have a great cooling effect on human beings. When the 
intensity of solar radiation ranges from 50 to 100 W/m2, the effective cooling 
range changes to from 0.5 ~ 1 m/s to 1 ~ 2 m/s. 
4. 1 ~ 2 m/s is the most desirable wind speed range for the people who are exposed 
to the SR ranging from 400 to 700 W/m2. When SR ranges between 400 and 700 
W/m2, if the surrounding air velocity can reach 2 m/s or above, people will 
averagely vote for cool or cold. On the other hand, if air velocity is less than 1 
m/s, the average vote value will always be warm or hot.  
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6.4 Potential suggestions to semi-open space design 
We assume that the weather condition of the period in which we conducted the survey 
to be representative of the typical tropical climate of dry season in Singapore21. Based 
on what we have found, some suggestions to semi-open space design in Singapore 
could be made: 
 
1. The intensity of solar radiation cast on a semi-open space should not exceed 700 
W/m2, otherwise people will feel always feel hot, and the wind’s cooling effect 
cannot counteract the heating effect of solar radiation. 
2. Facing north is a good orientation for a semi-open space. As the one week 
continuous measurement results show, the intensity of solar radiation in an overall 
shaded veranda is no more than 100 W/m2, even in the corridors which is much 
closer to the outside environment during most of the daytime the solar radiation is 
also within this range. In this kind of solar environment, even there is no air 
movement, on the average people will feel satisfied. 
3. Too little and too much ventilation is not advocated in semi-open space, 1~2 m/s 
is the most desirable wind speed range. When the wind speed is lower than this 
range, people exposed to high solar radiation will feel hot; when it goes beyond 
                                            
21 As we described before, during the hottest period Singapore has a diurnal temperature range of 
maximum 30-34 ˚C and humidity range of 65-80%, which is close to the temperature (30-33 ˚C) and 
humidity range (65-75%) which we measured during survey time. 
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this range, residents will feel uncomfortably cold. 
 
6.5 Limitations of the survey 
It must be mentioned here that what we have concluded is based on the data obtained 
from a particular case, and there are certain limitations. What we have done in 
exploring the wind and solar effect on thermal sensation is far insufficient to 
generalise a standard to be widely applied. First, the above conclusions represent 
solar and wind’s effects only when the dry bulb temperature is within 30~33 ˚C and 
the relative humidity ranges from 65% to 75%. We could not examine their effects at 
other temperature and humidity ranges. Moreover, we also lack enough samples of 
those who experienced solar radiation ranging in 100~400 W/m2, analysis of the solar 
effect within this range was hence not possible. Finally, because the respondents’ 
activity level and clothing insulation were almost the same in this study (they were all 
standing or sitting in the forecourts, wearing typical tropical clothing during the 
survey), the thermal perceptions of people who conduct various kind of other 
activities or wear clothes different from typical tropical clothing can not be 
investigated. 
It will be very interesting to conduct an experiment with enough samples of a vast 
range of metabolic rate and clothing value, in a controlled environment to examine 
the solar and wind effect through different ranges of temperature and humidity, and 
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allow designers to learn the effects so that they can pay more attention to future 
semi-open space design to make residential living more sustainable and comfortable. 
Future work also may include obtaining enough data in different part of the world 






















CHAPTER 7. CONCLUSION AND 
EVALUATION 
Summary of the findings, contributions, limitations and potential extension and 
generalisation of thesis 
 
 
This concluding chapter will summarize the main ideas, advantages and 
disadvantages of the methods used, contributions, application of findings and 
extensions of further research. 
 
7.1 Summary of main ideas 
We pointed out in the introduction that we seek to investigate the following, 
1) Compare the actual thermal votes in the semi-open space of a case in Singapore 
to the PMV predicted by a latest indoor model to see the similarities and 
differences between. 
2) Illuminate the influence of solar radiation and air movement in determining 
thermal sensation in semi-open spaces. 
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3) Develop suggestions to future tropical residential semi-open space design. 
 
7.1.1 The importance of semi-open space in tropical dwellings 
What kind of role does semi-open space play in tropical dwellings? The main contrast 
between interior, semi-open space and exterior is the comfort level. Which space 
would provide the most comfortable environment? This research provided a 
comprehensive review of several main architectural types of semi-open space both in 
traditional and contemporary dwellings. We found that the semi-open space is very 
comfortable and commonly used, thus becoming a typical tropical feature, and even 
part of resident’s lives.  
Originally, many types of semi-open space, such as verandas, decks and 
courtyards were created for some fundamental functions, such as achieving more 
rooms for households, buffering the hot climate, protecting the interior space from the 
rain. As time passes, due to the special semi-outdoor climate the residents tended to 
use semi-open spaces more and more frequently for conducting various activities such 
as gardening, entertaining guests, holding parties, some even used it as their living 
room. Once people began to use their attached semi-open spaces frequently, due to the 
availability of visual connection with their neighbours, they could have higher 
opportunities to see or greet one another, thus getting more and more familiar with 
each other. In the case of Bedok Court condominium, many residents used their 
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forecourts everyday and often visited their neighbours, and lots of group activities 
among neighbours (chatting, playing chess or cards together) happened. In a short time, 
a close relationship could be established among the residents, an intimate sense of 
community could be built in the whole block. In a word, the semi-open space 
perfectly fulfils the physical and social demands of the residents and becomes an 
important feature of tropical housings. (Chapter 2) 
Both the comfortable physical environment and the intimate social atmosphere 
created by the semi-open space are essential in our contemporary lives, and actually 
the former could benefit the latter to a great extent. Hence, it is essential to have a 
proper understanding of what kind of conditions can make people feel comfortable in 
semi-open spaces. Therefore an accurate assessment of thermal comfort is necessary.  
 
7.1.2 The limitations of existing thermal theories 
Do we have a systematic thermal comfort predicting system for tropical semi-open 
space? This research investigated a holistic review of the widely-applied international 
thermal standards. Unfortunately, few of them apply to tropical and semi-open context 
directly.  
Most of the international predicting systems were developed mainly for the 
temperate climatic conditions, with just some adaptation for the other regions. 
However, in the hot and humid tropical regions, residents can have higher tolerance to 
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the surrounding conditions due to the prolonged exposure to the hot and humid 
conditions. Without a proper understanding of human perception in tropical areas, the 
rigid maximum temperature in the existing standards tends to force the provision of 
air-conditioning when it may not be necessary for thermal comfort. Moreover, for more 
than half a century, most of the existing international thermal standards were developed 
to serve as a guideline for indoor or mechanically controlled air-conditioned spaces 
without referring to the naturally ventilated semi-open space. This will definitely result 
in the hampering of the semi-open space’s design. (Chapter 3) 
 
7.1.3 The differences and similarities between the actual human response and 
the predictions of the latest indoor model 
Lacking the theory of predicting thermal comfort in semi-open space, then can we 
generalise the model for non-air-conditioned interior to outdoor settings without 
modification? This research used the case study approach to test and got the negative 
answer. A survey was conducted in two high-rise housing projects in Singapore to 
obtain the data of actual human responses to the environment in the semi-open spaces. 
The actual thermal comfort votes were compared to the predicted votes using a latest 
indoor predicting model. The results showed that the latest model could be applied to 
the semi-open space when the DBT ranges from 27 to 31 Celsius degrees, which is 
the comfort range indicated by both PMV and actual votes. When DBT is lower than 
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27 ˚C, people felt cooler than what the model predicted, while when DBT is higher 
than 31 ˚C, people felt warmer than the predictions. (Chapter 4) 
 
7.1.4 Wind and solar effects on thermal comfort in semi-open space 
What are the main factors contributing to the above differences between PMV and 
actual votes? This could mainly be due to the cooling effect of the breeze and heating 
effect of the solar radiation cast in the semi-open spaces. Will solar radiation 
influence human thermal perceptions? In such a hot and humid tropical context, is it 
true that more wind means that people will feel more comfortable? Will the wind 
cause discomfort of coolness? This research also used the case study approach to 
explore the solar and wind’s effect in determining semi-outdoor thermal sensations. 
As far as our concern, solar radiation and air movement will definitely influence 
thermal comfort in semi-open space. We found that: 
Solar radiation is reconfirmed to be influential in semi-outdoor climate, and the 
intensity of solar radiation should not exceed 700 W/m2. People were sensitive to the 
intensity of solar radiation cast in the semi-open verandas or corridors. When it 
increases, although the air temperature and humidity remain the same, the thermal 
voting value still increases. Increasing wind speed can counteract the heating effect of 
solar radiation to some extent, but if its intensity goes beyond 700 W/m2, the air 
movement does not work in cooling people and people will always feel hot at any 
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wind speed range. 
1 ~ 2 m/s is the most desirable wind speed range for the people in their semi-open 
forecourts. It is found that wind can always lead to a cooler feeling for people in 
semi-open spaces if the intensity of solar radiation is no more than 700 W/m2, and 
most respondents were happy with the wind with the speed of 1 ~ 2 m/s. When the 
intensity of solar radiation is less than 100 W/m2, people will feel comfortable within 
wind speed range of 0 ~ 2 m/s, and they will feel uncomfortably cold if air velocity 
goes beyond 2 m/s. When SR ranges between 400 and 700 W/m2, if air velocity is 
less than 1 m/s, the average vote value will always be warm or hot; if the surrounding 
air velocity reaches 3 m/s or above, people will on the average vote for uncomfortably 
cool or cold. 
 
7.2 The advantages and disadvantages of methods used 
The findings were developed through a thermal comfort field study in housing 
projects in Singapore, not in a man-made experiment chamber. To collect data in 
realistic conditions can decrease the frequency of errors or deficiencies caused by the 
insufficient simulation of real-world conditions in experiments. Therefore it can give 
an accurate estimate of the thermal environment preferred by the corresponding 
people. Moreover, this method is cheaper and could be easily operated; both research 
group and individuals can adopt it.  
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However, since the data of this study were obtained from a particular case during 
a particular time period, there are also some certain limitations. First, this study lacks 
enough samples experiencing solar radiation ranging from 100 to 400 W/m2, hence 
how people would feel against this range of soar radiation remains mysterious. 
Secondly, this study shows the effects of wind and solar radiation only when dry bulb 
temperature is within 30~33 ˚C and relative humidity ranges from 65% to 75%, since 
the weather conditions remain consistent in this range during the survey. Finally, 
because the respondents’ activity level and clothing insulation were almost the same 
in this study (they were all standing or sitting in the forecourts, wearing typical 
tropical clothing during the survey), the thermal perceptions of people who conduct 
other kind of activities or wear clothes different from typical tropical clothing can not 
be investigated. Therefore, in other cases which have variations in these parameters, 
the above results should be used circumspectly.  
 
7.3 Contributions of this research 
In this study we highlighted the wonderful social and physical patterns of semi-open 
space in tropical residential buildings. We also investigated that few existing thermal 
comfort models refer to tropical semi-open spaces. Then we found out that the indoor 
thermal predicting model could not be directly applied to semi-open space. Finally we 
discussed the solar and wind’s effects in semi-open space. Through this research, 
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there are several contributions: 
 
1) Highlighting the importance of semi-open space in tropical dwellings, and leading 
architects to pay more attention to the semi-open space design for achieving more 
comfort and sustainability. 
Prior to this understanding, architects and designers may be largely insensitive 
and irresponsible for the semi-open (closed) space design. Knowing that the 
semi-open space plays an important role in tropical residential lives, housing 
designers could realize that providing a well-organised semi-open space could not 
only afford a comfortable environment but also build up an intimate social 
relationship with neighbours. The example of the verandas in the sky in Bedok 
Court condominium gives us a lot of inspiration of how to make future semi-open 
space design.  
 
2) Pointing out the inadequacies of existing thermal standards, which is lacking of 
predicting model for tropical semi-open spaces, examining the infeasibility of 
applying the model for non-air-conditioned indoor to semi-outdoor climate, thus 
providing a direction for future research in this area. 
Knowing the absence of empirical thermal comfort studies in semi-open space, 
many researchers have proved that the conventional theory of thermal comfort 
developed for indoor air-conditioned applications cannot be generalised to 
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outdoor settings. This research further proved the impossibility of direct 
application of the thermal comfort theory for naturally ventilated indoor space to 
semi-outdoor settings. In this case, another set of systematic thermal comfort 
standards for semi-open spaces is required. Further researches should be proposed 
to achieve a comprehensive understanding of climatic factors in semi-open space 
and the corresponding human perceptions. 
 
3) Investigating the solar and wind’s effect in semi-open space, raising some 
suggestions for achieving comfortable environment in future semi-open space 
design. 
Wind and solar radiation are two obvious factors influencing thermal comfort in 
semi-open spaces. This research investigates human thermal responses to different 
ranges of wind and solar radiation under the typical environmental conditions of 
dry-hot season in Singapore. Understanding this, we could make suggestions to 
architects to design semi-open spaces with comfortable environment, thus 
enhancing the comfort and sustainability of living.  
 
7.4 Applications for practice and future research 
7.4.1 Applications in practice 
Regarding to the weather condition of Singapore, the study of wind and solar effect 
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on thermal comfort can serve to help understand how to make semi-open space more 
comfortable and sustainable.  
Chart 7-1 shows the curve of average air temperature of each month22. Obviously 
the profile of the each curve is similar – during the night (20:00~6:00) the 
temperature is relatively low, ranging from 25 to 28 ˚C; during the day (6:00 ~20:00) 
the air temperature varies between 26 and 31 ˚C, and normally reaches the peak point 
during noon time (11:00~13:00). According to this chart, June~July is hottest and 
December~January is the coolest period during a whole year. 
Based on the results obtained from the thermal comfort survey, we know that in 
June (the hottest period) the comfort temperature range in high-rise semi-open spaces 
is 27 to 31 ˚C. Relating this to the chart 7-1, it can be seen that the variation of 
temperature in Singapore meets exactly the comfort zone of the persons in semi-open 
entrance spaces of the two high-rise cases. This re-strengthened the comfortable 
environment and the importance of semi-open space. Architects should realise that 
creating a well-designed semi-open space could enhance the environmental 
performance of the whole building. 
 
                                            
22 Chart 7-1, 7-2 and 7-3 are derived from the data of 2001 weather report of Changi meteorological 
station –Singapore.  
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Chart 7-1: The average air temperature of every month (Source: Author, based on the data 



























Chart 7-2: Average wind speed of every month (Source: Author, based on the data recorded by 





























Chart 7-2 shows the average air velocity of every month during year 2001. It is 
observed that the air velocity during daytime (8:00 ~ 19:00) is much higher than that 
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during night, and the highest could reach nearly 4 m/s at noon. The data was obtained 
from the measurement of the equipment located 10 meters high above a clear space 
without any disturbance. If we can achieve the air movement with such high velocity 
in the high-rise semi-open spaces, the thermal stress caused by too much heat in a 
tropical hot-humid climate can be effectively reduced. However, in many high-rise 
housing projects in the city, the wind speed cannot reach such high levels as it will be 
dramatically reduced by various obstructions around them and the layouts or 
configurations of the buildings themselves (Like many HDB apartments, Figure 7-1). 
For example, the measuring results in another high-rise HDB block which is near 
Bedok and facing north, shows that the average wind speed during a typical day is 
only 0.37 m/s.  
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Hence, promoting natural ventilation to enhance the wind speed is very important 
to achieve thermal comfort. Bedok Court condominium is a good example in 
promoting the natural ventilation. As we measured and observed, during most time of 
a day, the wind speed in the verandas of Bedok can reach 1.6 m/s, at peak time the 
value can even reach as high as 6 m/s, which is significantly higher than the figure 
measured in the public housing block nearby (average 0.44m/s, peak time 1.2m/s).  
This is mainly due to the configuration and layout of the building. As Figure 7-2, 
7-3 show, in each upper storey of Bedok condo, every two units share an air well 
which could allow the wind to pass through. Moreover, as Figure 7-4 shows, the 
verandas are of double-volume height, so that the wind can achieve convection more 
easily than it does in the corridors of public housing (Figure 7-1). These 
configurations will definitely enhance the air movement in the semi-open verandas, 
thus enhancing the comfort level of the residents.  
 
Figure 7-2: Air well between every two units (Source: Author) 
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Figure 7-3: Air wells in Bedok blocks help to promote air flow (Source: Author) 
 
  
     
     
 
 
      
       
 
        
 
         
         
         
         
         
         
         
         
         
         
         
         
 
Figure 7-4: Double-volume veranda in Bedok Court condo (Source: Author, based on the 
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Chart 7-3: Average intensity of solar radiation of every month (Source: Author, based on the data 





























In Chart 7-3, it is clear that almost throughout the year, the solar intensity on the 
average will not go beyond 700 W/m2. Referring to results of this research the wind 
will always be workable in cooling people. In the early morning (5:00~7:00) and late 
evening (17:00~19:00) the solar intensity will not go beyond 100 W/m2, during these 
two periods, people will always feel comfortable at any wind speed range. From 9:00 
to 15:00 the intensity of global solar radiation exceeds 400 W/m2. In this case, if there 
is no sufficient shading device to reduce the solar radiation, people can cool them by 
introducing more natural ventilation, or by providing more air movements artificially. 
However, it does not mean that the higher wind speed the better, the optimal wind 
speed range should be kept within 1~2 m/s, air movement with the speed more than 
that will make people feel uncomfortably cold. There are only a few particular periods 
7. Conclusion and evaluation 
149 
in a whole year when the solar intensity exceeds 700 W/m2, which is the worst 
situation to achieve thermal comfort. Architects should avoid the design in which the 
space could receive such strong solar radiation. 
In a word, this research helps to reemphasize the importance of shading device in 
practice, and further providing a wind speed range for comfort in Singapore, while 
avoiding the unnecessary energy consumption in needless artificial air movement. 
 
7.4.2 Extension to research in theory of thermal comfort 
This thesis covers a different angle and adds to the research works on thermal comfort, 
which is the study of thermal comfort, wind and solar radiation in semi-outdoor 
context. De Dear (et al, 1991) argued the neutral temperature for indoor space in 
Singapore is 26.4 ˚C. In Wong Nuyk Hien’s (2003) study of outdoor thermal comfort, 
26 to 27 ˚C are concluded to be the desirable temperature for people in outdoor 
climate. This research has shown that in the tropical semi-open spaces, the comfort 
temperature range varies accordingly to different seasons. In hot-dry period, people 
would feel comfortable when DBT ranges from 27 to 31 ˚C. While in wet season 
people even prefer a temperature more than 31 ˚C. We could find that human have 
higher tolerance against the heat in the semi-open space, compared to interior and 
exterior. Semi-outdoor spaces are therefore more practical and comfortable for social 
activities. Future designs should pay more attention to this kind of space. We have 
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every faith that such knowledge-based design would help to enhance the 
environmental performance of buildings and their immediate attached semi-open 
spaces, leading to greater efficiency in the use of land, energy and material resources. 
Givoni and Noguchi’s (2000) experimental study developed a formula to calculate 
thermal comfort, taking into account only the effects of air temperature, solar 
radiation and wind speed. The study also explained the interrelationship between 
these three variables. In the discussions of this research, the relationship between 
wind and solar radiation was further discussed by investigating the wind cooling 
effect at different ranges of solar radiation. In addition, compared with Givoni’s study, 
this research involved more samples, therefore it is more reliable in making 
suggestions. 
 
7.5 Future extensions of this research 
This research investigated in the understanding of thermal comfort, wind and solar 
radiation in semi-open spaces of tropical high-rise housing. The following are 
suggestions for extensions to this research, if it can be extended: 
1) It will be very interesting to conduct an experiment with enough samples over a 
vast range of metabolic rate and clothing value, in a controlled environment to 
examine the solar and wind effect on thermal comfort at every different range of 
temperature and humidity 
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2) Investigate whether there are any other factors influencing thermal sensations in 
semi-open space. Wind and solar radiation are obviously the two most significant 
factors in environmental aspect; it will be interesting to discover whether there are 
any influential social or psychological parameters, and investigate to what extent 
they work.  
3) Study the relationship between acoustic and lighting performance of semi-open 
space and human perception. Although it is mentioned in Bay and Lam’s (2004) 
main research report that the lighting and acoustic patterns do not affect tropical 
residents much, but it can be still included in future research to explore how 
people would react to different noise and lighting level, and try to build up a 
holistic design guideline to achieve a comfortable Lighting, Thermal and Acoustic 
environment in semi-open space. 
4) Apply the same process above in other different parts of the world; discover what 
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Diagrams relating to thermal comfort theories 
 
Figure A-1  
Various physical and physiological factors 
for the state of thermal comfort (Source: 





Figure A-2  
Typical Metabolic Heat Generation for 





Figure A-3  
Nomogram for the Equatorial Comfort 





Figure A-4  
Bioclimatic Chart, for U.S. moderate zone 
inhabitants (Source: Olgyay, 1963) 
 
 
Figure A-5  
















APPENDIX B. ILLUSIONS  
 
 
Photographs of the two cases 
 
Figure B-1  
Site plan of Bedok Court 






Overall View of Bedok Court 
Condominium (Source: 






Façade facing south, Bedok 
Court Condominium block 





Façade facing north, Bedok 
Court Condominium block 







Activities in the semi-open 






Furniture and plants in the 
semi-open veranda of Bedok 




Site plan of Jurong West 
block 510 (Source: Redraw 
by author based on site plan 






Typical Floor plan of Jurong 
West block 510 (Source: 
Redraw by author based on 




North façade of Jurong West 







Plants along the corridors of 
Jurong West Block 510 




Furniture in the corridors of 
Jurong West Block 510 















APPENDIX C. INSTRUMENTATION 
 
 
Introduction of the equipments used in the case study 
 
HOBO data logger H08-004-02 
HOBO data logger is nice and convenient equipment which can measure air 
temperature, relative humidity and lighting level. It is quite small and light, easy to 
take (the volume is only 2.4” x 1.9” x 0.8”, weighing only 1 ounce, as figure C-1 
shows).  It also has an operating range of -20 ˚C to + 70 ˚C, 0 - 95% RH 
non-condensing. HOBO data logger can automatically record data at a certain interval 
which is set by users. 
 
Figure C-1 
HOBO meter for measuring the RH, Air 





Testo 445 measuring instrument 
The testo 445 (Figure B-2) measures temperature, relative humidity, dew point, 
absolute humidity, degree of humidity, enthalpy, all types of air velocity (in ducts, 
duct openings or extractors), volume flow, pressure and indoor air quality. It is 
composed of a data logger, cables connecting logger with different probes and many 
types of sensor or probes (depending on what need to be measured). In our case, we 
used the three-function probe and globe thermometer for simultaneous measurement 
of air temperature, globe temperature (radiant heat), humidity and air velocity. 
 
Figure C-2  
Testo 445 for measuring Air temperature, 




The measure range is as followings: 
Air velocity: 0 -10 m/s 
Humidity: 0 – 100% RH 
Temperature: -20 – 70 ◦C 
 
The accuracy of measurement is as followings: 
Air velocity: +0.03 m/s 
Humidity: +2% 
Temperature: +0.4 C (0 – +50 ◦C) 
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             +0.5 C (-20 – 0 ◦C) 
             +0.5 C (+50.1 – +70 ◦C) 
 
Pyranometer 
This instrument is composed of a sensor and a data collector. By adjusting its 
precision, the sensitivity can reach 11.30*10-6VWm-2. 
 
Figure C-3 




Calculation of mean radiant temperature 
Among the six fundamental variables, only mean radiant temperature can hardly be 
directly measured. In an indoor environment, MRT were always estimated to be equal 
to ambient temperature since there is little radiation transferring to human beings, 
however, for outdoor situations, it can not be readily transferable due to the additional 
fluxes of direct, diffuse and reflected radiation. 
In this field study, MRT would be calculated from several measurable parameters 




For natural convection, e.g. v<=0.15 m s-1 
 
tg =[(tg+273)4+0.25 χ 108 ((tg-ta)/d)0.25/ Є χ (tg-ta)]0.25-273……….Equation C-1 
 
For forced convection, e.g. v>0.15 m s-1 
 











 ……………...Equation C-2 
 
tr = Mean Radiant Temperature, 0C 
tg = Globe Temperature, 0C 
V= Air velocity, m/s 
ta = Dry Bulb Temperature, 0C 
D = Globe diameter, m (0.15 m for 150 mm globe thermometer) 
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Too warm Much too 
warm 
Do you feel 
comfortable? 
       
 








Too stuffy Slightly 
stuffy 
Just right Slightly 
fresh 
Too fresh Much too 
fresh 
How do you 
feel about air 
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APPENDIX E. INFORMATION OF SAMPLES 
 
 
Population composition of the survey samples interviewed in June and Dec, 2003 
 
Table E-1: Gender Composition at the two cases 
June Male Female 
Bedok Court  49.1% 50.9% 
Jurong West  49.0% 51.0% 
December  
Bedok Court 48% 52% 
Jurong West  45.5% 54.5% 
 
 
Table E-2: Age Composition at the two locations in June 
June >50 41--50 31-40 21-30 15-20 <15 
Bedok Court  25.9% 30.2% 22.4% 11.2% 4.3% 6.0% 
Jurong West  25.5% 35.3% 23.5% 9.8% 3.9% 2.0% 
December  
Bedok Court 3.7% 9.0% 9.0% 24.6% 23.1% 30.6% 
Jurong West  3.4% 6.7% 19.3% 25.2% 20.2% 25.2% 
 
 
Table E-3: Race Composition at the two locations in June 
June Chinese Indian Malay Others 
Bedok Court  75.9% 5.2% 5.2% 13.7% 
Jurong West  79.4% 8.8% 8.8% 3.0% 
December  
Bedok Court  77.3% 6.8% 4.5% 11.4% 




Table E-4: Property Composition at the two locations in June 
June Ownership Rent 
Bedok 83.6% 16.4% 
Jurong West 89.2% 10.8% 
December  
Bedok 89.1% 10.9% 































Perceptions on air freshness, humidity and air flow 
 
In terms of the other perceptions, Chart F-1, F-2 show the vote percentage of the 
subjects on air freshness, humidity and air flow at the two locations in June. The 
results show that in both Bedok and Jurong cases, a majority of subjects voted for “0” 
(comfortable) on these perceptions, and very few samples voted for the extreme side 
on the scale, which means most of the subjects in both locations were satisfied with 
the air freshness, humidity and air flow. However, there are also differences between 
these two charts: in Bedok block, there were a large portion of subjects (nearly 50%) 
voted for “1” on air freshness and air flow indicating that they feel the air is fresh and 
the air flow is slightly breezy, while in Jurong block this percentage was below 20%. 
This perhaps could be explained by the large amount of plants which help to clean 
and fresh the air, and large opening of the verandas which could promote the air flow 




Chart F-1: Vote percentage on freshness, humidity and air flow in Bedok in June (Source: 
Author) 

















Chart F-2: Vote percentage on freshness, humidity and air flow in Jurong in June  
(Source: Author) 

















In December, as Chart F-3 and Chart F-4 show, most of subjects in both locations 
voted for 0 and 1 on these three perceptions which means the votes are still 
concentrating in the acceptable zone.  
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However, in terms of air humidity, comparing to the vote percentage in June, the 
situation was different: there were higher percentage (in HDB, 85% comparing to 
52%; in Bedok Court, 75% comparing to 69%) of subjects vote for “0” and less 
subjects vote on the humid side of the scale although the humidity during December 
is much higher than that in June. This means the humidity might be difficult to 
directly perceive by human beings, so that human’s response is not obviously related 
to humidity itself. 
 
Chart F-3: Vote percentage on freshness, humidity and air flow in Bedok in Dec  
(Source: Author) 





















Chart F-4: Vote percentage on freshness, humidity and air flow in HDB in Dec  
(Source: Author) 




















































13=Say hello to neighbor 
14=Receiving Guests 
15=Receiving Strangers 
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Chart G-4 – The frequency of activities in the Morning of Jurong West block 
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Chart G-5 – the frequency of activities at Afternoon of Jurong West block 
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Chart G-6 – the frequency of activities at Evening of Jurong West block 

















Comparison of the environmental data of the interior, veranda and corridor 
 
Table H-1: DBT and RH in interior, veranda and corridor 
  DBT RH 
Time Interior Veranda Corridor Interior Veranda Corridor 
8:00 29.24 29.10 29.38 84.18 82.68 85.68 
8:30 29.33 29.17 29.50 84.48 83.48 85.48 
9:00 29.63 29.40 29.87 82.80 81.40 84.20 
9:30 29.88 29.55 30.22 82.93 82.93 82.93 
10:00 30.08 29.70 30.45 82.72 83.72 81.72 
10:30 30.27 29.92 30.62 78.47 76.97 79.97 
11:00 30.43 30.07 30.78 78.85 79.85 77.85 
11:30 30.56 30.22 30.90 76.30 76.30 76.30 
12:00 30.78 30.38 31.17 74.67 74.67 74.67 
12:30 31.05 30.58 31.52 72.67 72.67 72.67 
13:00 31.19 30.77 31.62 70.67 70.67 70.67 
13:30 31.29 30.90 31.68 70.15 70.15 70.15 
14:00 31.49 31.03 31.95 70.38 72.40 68.35 
14:30 31.63 31.17 32.10 78.58 80.50 76.67 
15:00 31.60 31.20 32.23 75.20 79.70 72.13 
15:30 30.80 31.28 32.37 84.80 86.70 75.35 
16:00 31.10 31.27 32.20 81.20 85.50 75.87 
16:30 31.00 31.20 32.23 82.30 84.00 75.85 
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17:00 31.00 31.08 32.23 78.10 87.50 78.03 
17:30 30.80 31.05 31.93 76.00 84.30 74.98 
18:00 30.70 31.02 31.13 75.60 82.60 74.62 
18:30 30.40 30.53 31.18 79.00 80.50 72.30 
19:00 30.10 30.18 30.35 66.00 83.10 75.73 
19:30 29.40 30.05 30.08 63.00 86.30 77.02 
20:00 29.60 29.97 29.95 73.00 87.60 79.65 
Table H-2: Wind speed and solar radiation in the veranda and corridor 
  Wind speed (m/s) Solar radiation (W/m2) 
Time Veranda Corridor Veranda Corridor 
8:00 0.29 0.76 4.61 9.22 
8:30 0.37 1.05 4.61 9.22 
9:00 0.43 1.16 4.61 9.22 
9:30 0.36 0.96 4.61 18.44 
10:00 0.56 0.98 9.22 18.44 
10:30 0.42 1.12 9.22 36.88 
11:00 0.42 1.31 9.22 27.66 
11:30 0.40 1.16 18.44 46.10 
12:00 0.43 1.15 18.44 64.56 
12:30 0.44 0.99 23.11 55.34 
13:00 0.40 1.05 18.44 129.13 
13:30 0.40 1.42 18.44 276.60 
14:00 0.61 1.17 18.44 439.70 
14:30 0.51 1.37 27.66 653.30 
15:00 0.57 0.98 23.11 562.40 
15:30 0.40 1.01 27.66 237.20 
16:00 0.36 1.45 18.44 164.54 
16:30 0.37 1.19 18.44 77.66 
17:00 0.57 1.13 9.22 38.44 
17:30 0.29 1.41 4.61 27.66 
18:00 0.44 1.07 0.00 0.00 
18:30 0.44 1.07 0.00 0.00 
19:00 0.36 1.20 0.00 0.00 
19:30 0.36 1.20 0.00 0.00 
20:00 0.42 1.04 0.00 0.00 
 
